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INTRODUCTION 

We are s t u d y i n g  t h e  f i r s t  s tages  i n  p y r o l y s i s  o f  wood and o the r  c e l l u l o s i c  
mater ia ls  as p a r t  o f  a s tudy  o f  t h e  c h e m i s t r y  o f  smo lde r ing  o r  low- temperature 
combustion. I n  t h e  1 a t t e r  processes bo th  o x i d a t i v e  and non-oxidative py ro l ys i s  
occur. This paper describes an i n v e s t i g a t i o n  o f  t h e  f i r s t  v o l a t i l e  p r o d u c t s  o f  
p y r o l y s i s  o f  wood and we b e l i e v e  t h a t  many o f  the conclusions regard ing the f i r s t  
py ro l ys i s  react ions a t  low temperatures are a p p l i c a b l e  a l s o  t o  h i g h e r  tempera tu re  
t r e a t m e n t s  o f  wood such as a r e  u t i l i z e d  i n  l i q u i f a c t i o n  processes. Our aim was 
p r i m a r i l y  t o  determine the  r e l a t i v e  ra tes  and modes o f  p y r o l y s i s  o f  the t h r e e  ma jo r  
c o n s t i t u e n t s  o f  wood ( v i z .  c e l l u l o s e ,  h e m i c e l l u l o s e s  and l i g n i n )  from t h e i r  
chemical ly i n t a c t  s i t u a t i o n  i n  whole wood. We b e l i e v e  t h a t  i n t e r a c t i o n s  o f  t hese  
substances and of t h e i r  d e g r a d a t i o n  products  dur ing p y r o l y s i s  make t h i s  approach 
necessary and may i n v a l i d a t e  some aspec ts  o f  e a r l i e r  s t u d i e s  o f  p y r o l y s i s  o f  
i so la ted  wood f rac t i ons .  

METHODS 

Our major  t e c h n i q u e  has been t h e  c o u p l i n g  o f  a the rmograv ime t r i c  analys is  
system (TG) w i t h  a Four ie r  t ransform i n f r a r e d  spect rometer .  The c o u p l i n g  i s  by a 
heated 1 m. t e f l o n  tube  f rom t h e  TG t o  an i n f r a r e d  gas c e l l .  A l l  o f  the r e s u l t s  
were obtained w i t h  cottonwood sapwood (Populus t r ichocarpa)  which had been ground t o  
pass an 80 mesh sieve. A l l  pyro lyses were c a r r i e d  ou t  i n  f l ow ing  n i t rogen,  the t ime 
l a g  between the thermal balance and the gas c e l l  was 1 min. and h e a t i n g  was e i t h e r  
i s o t h e r m a l  a t  250°C o r  a t  J" /min.  f r o m  100" t o  500'. I n  the isothermal runs f o r  
periods up t o  2 h rs .  t h e  whole i n f r a r e d  spect rum c o u l d  b e  accounted f o r  by t h e  
a b s o r p t i o n  bands o f  t h e  6 components shown i n  Table 1. The system was the re fo re  
ca l i b ra ted  f o r  these compounds by heat ing the pure l i q u i d  i n  a l o o s e l y  covered pan 
on the thermal balance a t  an appropr ia te temperature and r e l a t i n g  the r a t e  o f  weight 
loss t o  the i n f r a r e d  spectrum. Where a wavenumber range  i s  shown i n  T a b l e  1. t h e  
absorbance was i n t e g r a t e d  between these  v a l u e s  and where a s i n g l e  wavenumber i s  
g i ven ,  t h e  h e i g h t  o f  t h a t  Q b r a n c h  was used .  These v a l u e s  b o r e  a l i n e a r  
r e l a t i o n s h i p  t o  t h e  r a t e  o f  w e i g h t  l o s s  f o r  an i n d i v i d u a l  compound, and t h e  
r e s u l t a n t  ca l cu la ted  response f a c t o r s  were used t o  c a l c u l a t e  the r a t e s  o f  product ion 
o f  each p r o d u c t  from heated wood samples. For carbon d iox ide  t h e  c a l i b r a t i o n  was 
based on a i r  versus a pure n i t rogen  blank and the ca rbon  monoxide c a l i b r a t i o n  was 
then deduced from a standard m ix tu re  of  t he  two oxides i n  n i t rogen.  

The ef fects  o f  ca t i ons  on the  pyro lyses were invest igated w i t h  wood wh ich  had 
b e e n  washed w i t h  a c i d  t o  remove a l l  me ta l  i o n s  and w i t h  samples i n  which t h e  
indigenous cat ions had been replaced e n t i r e l y  w i t h  e i t h e r  potassium or  calcium ions. 
These i o n  exchange processes caused no other  chemical change i n  t h e  wood. E.g. the 
c o n t e n t  o f  L -a rab ino fu ranose  u n i t s  (wh ich  compr ise one o f  t h e  most ac id - l ab i l e  
groups i n  wocd) was unchanged. 

T o t a l  a b s o l u t e  g l ycose  con ten ts  o f  t h e  wood samples were determined by ac id  
hyd ro l ys i s .  r e d u c t i o n ,  a c e t y l a t i o n  and gas chromatography u s i n g  i - i n o s i t o l  as 
i n t e r n a l  s tandard  (1 ) .  U r o n i c  a c i d s  were determined on a a l i q u o t  p o r t i o n  o f  t he  
hydrolyzates (2) and v a n i l l i n  and s y r i n g a l d e h y d e  f r o m  l i g n i n  were genera ted  by 
n i t r o b e n z e n e  o x i d a t i o n  (3 )  and determined by gas chromatography o f  t r i m e t h y l s i l y l  
ethers. The glucan components o f  the heated wood samples were v e r y  r e s i s t a n t  t o  
h y d r o l y s i s  w i t h  72% s u l f u r i c  a c i d  and it was necessary t o  " react ivate"  w i th  water 
before hydro lys is .  
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RESULTS AND DISCUSSION 

I 

Figure 1 shows t h a t  t he  cat ions have a major in f luence on the r a t e  o f  p y r o l y s i s  
of wood. The r e s u l t s  conf i rm e a r l i e r  s t u d i e s  ( 4 )  and show t h a t  o f  t h e  t w o  m a j o r  
c a t i o n s  p r e s e n t  i n  wood, potassium i s  dominant i n  c a t a l y s i s  o f  pyro lys is ,  whereas 
c a l c i u m  tends t o  s t a b i l i z e  t h e  wood towards p y r o l y s i s .  The l o w  t e m p e r a t u r e  
i n f l e c t i o n  i n  t h e  DTG cu rves  a t  250-300" has o f t e n  been assumed t o  be associated 
w i t h  h e m i c e l l u l o s e  and /o r  l i g n i n  d e g r a d a t i o n  and s i n c e  t h e  c a t i o n s  o c c u r  
p redominan t l y  i n  the hemicel lu loses (5)  we have s tud ied py ro l ys i s  i n  t h i s  reg ion  i n  
some d e t a i l  by isothermal p y r o l y s i s  a t  250". F igure 2 shows t h e  w e i g h t  l o s s  under  
s u c h  c o n d i t i o n s  and t h e  r a t e s  o f  w e i g h t  l o s s  f o r  o r i g i n a l  wood and f o r  
potassium-exchanged wood were i n d i s t i n g u i s h a b l e .  The w e i g h t  l o s s  cu rves  f o r  
ac id -washed  and f o r  calcium-exchanged wood were a l s o  i n d i s t i n g u i s h a b l e ,  b u t  
corresponded t o  a much lower r a t e  o f  py ro l ys i s .  

The r a t e s  o f  f o r m a t i o n  o f  t h e  v o l a t i l e  p r o d u c t s  determined b y  i n f r a r e d  
spectroscopy 'are shown i n  F igure 3 f o r  t he  o r i g i n a l  wood. S im i la r  r e s u l t s  a re  a l s o  
ava i l ab le  f o r  the ion-exchanged woods. Table 2 shows the  p ropor t i on  o f  t o t a l  weight 
loss i n  the wood sample t h a t  can be accounted f o r  by the i n f r a r e d  analysis. The 40% 
o f  unaccounted we igh t  l oss  represents ma te r ia l  which condensed before reaching the  
i n f r a r e d  c e l l .  T h i s  i s  l i k e l y  t o  c o n s i s t  o f  a m i x t u r e  o f  l a r g e r  m o l e c u l e s  
conta in ing two o r  more carbon atoms. It i s  ev ident  t h a t  carbon d iox ide  and methanol 
are the f i r s t  products o f  p y r o l y s i s  a t  250". very  c l o s e l y  f o l l o w e d  by  wa te r ,  wh ich  
i s  t h e  major  p r o d u c t  on e i t h e r  a we igh t  o r  molar basis. Formic acid i s  produced 
s t e a d i l y  over a r e l a t i v e l y  l ong  p e r i o d ,  w h i l e  a c e t i c  a c i d  p r o d u c t i o n  peaks much 
l a t e r  t h a n  t h e  carbon d iox ide,  methanol and water. The changes i n  glycose, u ron ic  
acid, v a n i l l i n  and syringaldehyde content  are shown i n  Tab le  3. We conc lude  t h a t  
t h e  methanol i s  formed p r e d o m i n a n t l y  by p y r o l y s i s  o f  l i g n i n  w i t h  s y r i n g y l  u n i t s  
py ro l ys ing  ra the r  more r a p i d l y  than g u i a c y l .  The amount o f  methanol r e l e a s e d  i s  
much g r e a t e r  t han  could be accounted f o r  by the 4-0-methylglucuronic ac id  u n i t s  o f  
t h e  h e m i c e l l u l o s e s .  E v i d e n t l y  however, some un7t.s o r  reg ions o f  t he  l i g n i n  are 
espec ia l l y  l a b i l e :  on l y  about h a l f  o f  the a v a i l a b l e  methanol i s  released i n  1 hr. a t  
250", p o s s i b l y  i n  two s tages,  and the remainder requi res h igher  temperatures (see 
below). The carbon d iox ide  i s  e v i d e n t l y  der ived predominantly from d e c a r b o x y l a t i o n  
o f  u r o n i c  a c i d s  which decrease r a p i d l y  i n  the s o l i d  res idue and the molar y i e l d  o f  
carbon d iox ide corresponds approximately w i t h  the uronic  ac id  c o n t e n t  o f  t h e  wood. 
S ince t h e  g lucan  content  o f  t he  wood i s  v i r t u a l l y  unchanged i n  50 min. a t  250". i t  
appears t h a t  ce l l u lose  surv ives t h i s  t rea tmen t ,  a l t h o u g h  i t  i s  q u i t e  l i k e l y  t h a t  
some chain sc iss ion w i l l  occur and perhaps some t ransglucosy lat ion.  The ace t i c  a c i d  
i s  almost c e r t a i n l y  released by p y r o l y s i s  o f  the acety l  es te r  groups from t h e  x y l a n  
and i t s  y i e l d  i s  approximately t h a t  an t i c ipa ted  from the  acety l  content o f  the wood. 

The water, which i s  t he  major product, must be formed p r e d o m i n a n t l y  f rom t h e  
h e m i c e l l u l o s e s .  Some wa te r  w i l l  o b v i o u s l y  be formed f rom t h e  u r o n i c  acid and 
arabinose u n i t s  which decompose rap id l y ,  bu t  water must a lso be der ived f r o m  x y l o s e  
u n i t s  which show some decrease.  S ince we would a n t i c i p a t e  t h a t  the B-1,4-xylan 
chain should have a thermal s t a b i l i t y  s i m i l a r  t o  c e l l u l o s e  and s i n c e  g lucose  does 
n o t  decrease, i t  seems p robab le  t h a t  some o f  t h e  xylose u n i t s  may be subject  t o  
r a p i d  e l i m i n a t i o n  r e a c t i o n s  y i e l d i n g  w a t e r ,  p a r t i c u l a r l y  i n  t h e  r e g i o n s  o f  t h e  
h e m i c e l l u l o s e  mo lecu les  i n  which u r o n i c  ac ids are decomposing. The p y r o l y s i s  of 
acety l  es te r  groups might a l s o  be a s s o c i a t e d  w i t h  decompos i t i on  o f  t h e  a t tached  
xylose un i t s .  

The mechanism o f  formic a c i d  format ion i s  n o t  known. It could be der ived from 
e i t h e r  h e m i c e l l u l o s e s  o r  l i g n i n ,  a l t h o u g h  by  ana logy  w i t h  i t s  f o r m a t i o n  f r o m  
polysaccharides by a l k a l i  degradation, t he  former seem more l i k e l y .  

The inf luences o f  ca t i ons  on y i e l d s  o f  carbon d iox ide,  carbon monoxide (formed 
above 250"). methanol and f o r m i c  ac id  dur ing p y r o l y s i s  a t  temperatures up t o  400" 
are shown i n  F i g u r e s  4-7. The y i e l d s  o f  wa te r  and a c e t i c  a c i d  were much l e s s  
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s e n s i t i v e  t o  c a t i o n  v a r i a t i o n  and are no t  shown. F igure 4 shows t h a t  the potassium 
ions  favor increased format ion o f  carbon d iox ide  and lower the  tempera tu re  o f  peak 
p r o d u c t i o n  compared w i t h  t h e  acid-washed o r  c a l c i u m  forms.  The t o t a l  y i e l d  o f  
carbon d iox ide  i s  much g rea te r  than could be explained by decarboxy lat ion o f  u r o n i c  
ac ids alone. The mechanism o f  format ion o f  t h i s  carbon d iox ide  i s  n o t  known. Since 
the  bulk o f  t h e  ca rbon .d iox ide  i s  formed above 300' i t  must be d e r i v e d  a t  l e a s t  
p a r t 1  y from c e l l u l o s e .  Carbon monoxide was not  s i g n i f i c a n t l y  formed a t  250°, but 
was produced i n  s i m i l a r  mo la r  amount t o  carbon d i o x i d e  a t  h i g h e r  temperatures,  
peak ing  a t  abou t  350" ( F i g u r e  7). I t  seems p r o b a b l e  t h a t  t h i s  product a l so  i s  
l a r g e l y  produced from ce l l u lose .  

The format ion o f  methanol (Figure 5) shows a d i s t i n c t  second peak a t  about 300" 
f o r  o r i g i n a l  and f o r  potassium-exchanged wood. Presumably  t h e  methanol evo lved  
above 320" i s  c a t a l y z e d  b y  po tass ium and der ived by p y r o l y s i s  react ions from the 
more r e s i s t a n t  l i g n i n  which surv ives p y r o l y s i s  a t  lower temperatures.  ~ Formic ac id  
( F i g u r e  6 )  e v i d e n t l y  forms a t  higher temperatures by potassium cata lyzed py ro l ys i s  
react ions from ce l l u lose .  The same ac id  i s  a major product o f  a l k a l i n e  degrada t ion  
o f  c e l l u l o s e  i n  absence o f  a i r  and i t  i s  probable t h a t  the greater  e f fec t i veness  o f  
potassium compared w i t h  calcium i n  ca ta l yz ing  format ion o f  formic ac id  (and perhaps 
methanol) i s  assoc iated w i t h  the g rea te r  b a s i c i t y  o f  t h e  former. 
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Table 1. I n f r a r e d  absorbances used t o  q u a n t i f y  the f i r s t  v o l a t i l e  products 
from p y r o l y s i s  o f  wood and cond i t i ons  used f o r  c a l i b r a t i o n .  

Compound Wavenumbers (cm-1) ( " C )  Loss (Uglmin) 
Temperature Rate o f  Weight 

2240 - 2400 -_ CO2 

co 2020 - 2240 -- 

CH3COOH 1140 - 1230 23. 30 16. 32 

H20 1653 23, 30 17. 61 

HCOOH 1105 23. 26 12.6. 30.0 

CH30H 1032 23, 30 42.6, 137 
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Table 2. Y i e l d  o f  v o l a t i l e  p roduc ts  by i n f r a r e d  d e t e c t i o n  as percentage of 
t o t a l  we igh t  l oss :  cottonwood a t  250°C i n  n i t rogen .  

% o f  T o t a l  Weight Loss 

Methanol 3.5 3.7 3.8 4.4 

Formic a c i d  5.0 6.4 8.2 7.0 1 

I Ace t i c  a c i d  7.5 15.5 19.0 23.0 

- Carbon d i o x i d e  10.5 9.2 12.0 13.2 

13.2 11.5 - 16.0 - 18.3 - - Water 

To ta l  47.5% 53.1% 59.0% 60.8% 
!I 

i 
I' 

Time a t  250" 11 m in  23 min  40 min  58 min  

To ta l  we igh t  l o s s  5.5% 8.0% 11.0% 12.5% 

Tab le  3. 

Ana lys i s  (% d r y  we igh t )  O r i g i n a l  D r y  Wood 250"/N2/50 min. 

Analyses o f  cot tonwood a f t e r  hea t ing  a t  250°C under n i t rogen .  

( Anhydrog 1 ycoses ) 

Rhamnose 

Arabinose 

Xylose 

Mannose 

G1 ucose 

Uron ic  a c i d  

T o t a l  Carbohydrate 

V a n i l l i n  

Syr ingaldehyde 

Weight l o s s  

0.2 

0.5 

15.8 

3.0 

51.3 

4.9 

75.7 

2.7 

5.7 

0 
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t r a c e  

12.3 

2.4 

51.3 

1.7 

67.7 

1.8 

2.2 

11.9% 
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Conditions that Favor Tar Production 
from Pyrolysis of Large, Moist Wood Particles 

Marcia Kelbon, Scott Bousman, and Barbara Krieger-Brockett 

Dept. of Chemical Engineering, BF-10 
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Abstract 

The production of pyrolytic oils from biomass will be greatly facilitated if large, and perhaps 
moist, particles can be used directly as a feedstock. This paper describes experiments to quantify 
product evolution rates, as well as spatial and temporal temperature distributions, during pyrolysis 
of large wood particles. The experiments have been performed using well-defined, 
reactor-independent conditions which will aid in identifying favorable conditions for tar production 
from large particles. The experiments reveal that an optimum moisture content can facilitate tar 
production. The reacted fraction that is tar is greater for intermediate moisture contents, particle 
sizes, and heating rates, and the optimum tar production conditions for moist feed change with both 
heating intensity and particle size. 

lNTRODUCTlON 

The economics of making pyrolytic oils from biomass will be improved if large, and perhaps 
moist, particles can be used directly as a feedstock. This is a result of the high cost of size reduction 
and drying of fibrous and often green biomass. However, the pyrolysis of realistically sized particles 
(about 1 x 1 x .5 cm or greater) is complicated by the lack of uniform temperature profiles within 
the particle, and the synergistic effects that external heating intensity, moisture, and particle size 
have in altering the intraparticle temperature histories. Nevertheless, both present and planned 
industrial biomass converters employ large particles, sometimes using them in fluidized beds which 
are less sensitive to feed size distributions (1). 

Selectively producing a particular pyrolysis fraction such as tar, or specific components in 
any fraction, is difficult. The majority o i  studies to date have used finely ground (< 100 pm 
diameter) wood samples in which heat transfer rates are rapid enough to cause a uniform particle 
temperature, and mass transfer is fast enough to minimize secondary reactions. For these particles, 
pyrolysis with a high heating rate to moderately high temperatures generally favors tar formation, if  
the tar can be quickly removed from the reaction zone. However, reducing fibrous materials to such a 
small size is costly. Pyrolysis feeds are likely to be wood chips used routinely in the forest products 
industry. In wood chip pyrolysis, the particle interior heats slowly and secondary reactions of tar 
are significant. 

The scope of this preprint is limited to the presentation and discussion of experimental 
conditions of practical importance that maximize tar from pyrolysis of large wood particles. By 
design, results are as independent of reactor type to the greatest possible, and reveal the effects of 
heat and mass transport that are critical to conversion of the large, poorly conducting porous 
particles. Since typical feeds are heterogeneous, the entity appropriate for chemical engineering 
studies is the single particle. The findings are then applicable to all reactors in which the chosen 
experimental conditions prevail. The study of reacting single particles has proven extremely 
successful in the development of catalytic reactors (2) and coal pyrolysis (3,4.5). 

Since reaction temperature is not an independent variable for large pyrolyzing particles, 
special attention must be given to choosing experimental conditions for the 0.5 cm to 1.5 cm thick 
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Particles studied. Heating intensity can be made precise by controlling the applied heat flux at the 
particle surface or imposing a surface temperature, and measuring the particle thermal properties 
(6). One dimensional heating has been used experimentally (7,8) and typifies the type of heat 
transfer experienced by most wood chips owing to the large aspect ratios they usually have (9). The 
lowest heating intensity studied, 2 cal/cm2-s, barely chars thick samples (or causes smoldering 
combustion if  oxygen is present). The highest, 6 caVcm2-s, is found in furnaces or high temperature 
reactors designed for maximum heating of particles. Biomass moisture varies with species and age 
as well as from region to region. Typical moisture contents (dry basis) found for feed piles in the 
Pacific Northwest range from 10% to 110%, thus the choices for the experiments reported here. A 
more complete discussion of practical conditions appears elsewhere (1 0). Also, simultaneous 
variations in two or three experimental conditions were systematically investigated in order to 
determine if  pyrolysis tar yields, as well as other reaction products, were dependent on process 
condition Combinations in a non-additive, or multiplicative way (1 1). 

Apparatus - A description and diagram of the single particle pyrolysis reactor appears in Chan, et al. 
(12) but a brief presentation is given for completeness. A wood cylinder was placed in a glass sleeve 
and reactor assembly. An arc lamp provided radiative, spatially uniform, 1-D axial heating as 
verified by absolute calibration of the heat flux (6,13. 14). The heating period was the Same for all 
experiments, 12 min, sufficiently short to enable the study of active devolatilization in the thinnest of 
these particles. Thermocouples at 2, 4, and 6 cm from the heated face automatically measured the 
devolatilization front progress. An infrared pyrometer, mounted off-axis from the arc lamp beam, 
measured the surface temperature of the pellet. The glass housing and baffle allowed the front face of 
the pellet to be uniformly irradiated and prevented volatiles from condensing on the window. The 
large helium carrier gas flowrate quenched the volatiles and swept them without significant 
backmixing or reaction (6 ) to the analysis system. The helium pressure on the unheated face was 
slightly elevated to ensure volatiles flow toward the heated face for maximum recovery. It has been 
verified (7) that during devolatilization of a large particle, nearly of the volatiles flow toward the 
heated surface owing to the decreased porosity behind the reaction front. A cold trap (packed with 
glass wool and at -40 C) immediately downstream from the reactor condensed tars and water from the 
volatiles. Permanent gases were sampled near the cold trap exit at preselected times during the 
experiment using two automated gas sampling valves, thus providing information on evolution rates of 
gaseous products. 

Sample Preparation - The wood pellets were all cut, with great attention to grain direction, from 
uniform sections of the same lodge pole pine tree provided by Weyerhauser Co. (Corvallii Mill). The 
cylinders were oven-dried at 90 C for at least three weeks. Moisture was quantatively added using a 
microsyringe and balance, and allowed to come to a uniform distribution as described by Kelbon (13). 

Gas Analysis - Permanent gases, operationally defined as all components passing through the -40 C 
cold trap, were collected in 30 stainless steel sample loops of known volume. Immediately after the 
experiment, samples were automatically injected into a Perkin-Elmer Sigma 2 Gas Chromatograph 
using a Supelco 100/120 mesh Carbosieve S column 118 in. diameter and 5 ft. long. The peaks were 
integrated and identified by a Perkin-Elmer Sigma 15 Chromatography Data Station. Both a thermal 
conductivity detector and a flame ionization detector were used as described in Bousman (14). 

Tar Analysis - The tar is comprised of two parts, that which was trapped and that which was washed 
from the reactor, though the latter is often a small amount. The tar trap sample was analyzed for 
water and low molecular weight tar compounds by gas chromatography using a Supelco 80/100 mesh 
Porapak 0 column 1/8 in. diameter and 1.5 ft long. After the low molecular weight tar analysis, the 
trap tar and reactor tar samples were treated with approximately 2 g of MgS04 to remove water and 
then filtered. A known quantity of pbromophenol was added to each sample as an internal standard. 
Each sample was concentrated in order to remove THF while minimizing the loss of the other 
compounds. The resulting high molecular weight tar liquid was analyzed by gas chromatography using 
a either a J and W Scientific DBWAX or Carbowax 20M fused silica capillary column 0.25 mm ID, 30 
m long with a Perkin-Elmer splitting injection port. 
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All volatiles were later analyzed by gas chromatography. 

The major peaks which appeared in the 



majority of the samples are numbered and presented in this paper as simplified, composite 
chromatograms. 

Char Analysis - The char was weighed and a qualitative chemical analysis of some char samples was 
performed using a Fourier Transform Infrared Spectrometer (FTIRS) with preparation as described 
in Bousman (14). The surface area of the char was also characterized using COP adsorption. 

Experimental Design - The experimental conditions were picked according to a type of factorial 
experimental design which facilitates identification of optima and empirical models of the class given 
in Eq. 1 (11,15): 

yk = bo + biXi + zz bijxixj, for is j, 

yk is the k-th product yield of interest, 
where 

xi,xj are the independent variables (process controllables) and 
b,,, bi and bij are least square parameter estimates obtained from multiple regression. 

When variables combine to affect the reaction process in a non-additive way, as when the last term of 
Eq. 1 is large, non-linear dependence of yields on the process controllables is demonstrated. 
Plots of Eq. 1 are presented in subsequent figures as trend lines. - 

The range of intraparticle temperatures measured throughout pyrolysis at a constant heat flux 
of 4 cal/cm2-s for a particle initially at 60% moisture (Fig. 1) corresponds to those found in other 
studies for both small (16-18) and large (19) particles. As can be seen when moisture is added, the 
temperature rises in the first -30 sec to a plateau at 100 C until the water has locally evaporated, and 
then the temperature rises to the same level as found in dry wood particles, although at a somewhat 
later time. The surface temperature is of some qualitative value but once volatiles are produced, the 
infrared pyrometer cannot accurately "see" the surface and the measured temperature is artificially 
low. Note that reaction in zones near the surface experience quite high heating rates, which should 
favor tar production early in the devolatilization of a large particle. 

In this preprint, overall yields are reported as graphs rather than tables, and correspond to 
time-integrated pyrolysis or devolatilization products from a large wood particle heated under 
constant applied heat flux at the surface. The yields are expressed as weight fractions of that which 
reacted in the 12 min pyrolysis duration. Fractional yields are an important measure of selectivity 
and are useful for downstream separation process considerations. The appropriate measure of 
experimental reproducibility and accuracy is the standard error calculated from replicate runs. This 
is given as an uncertainty. However, because of the inherent difficulty in recovering all products, 
especially tars, the mass balances do not always add to 100%. Thus, another measure of error is the 
discrepancy in the mass balance. For these experiments, the average mass balance closure was 80%, 
with a standard deviation of 11%. 

In Fig. 2 the weight fraction water-free tar produced from the fixed duration pyrolysis of dry 
wood particles of several thicknesses is presented. The symbols, when there are two at the same heat 
flux. represent tar yield for 2 different particle densities. It can be seen that a 0.3 glcc density 
change has little effect on tar yield. The trend lines result from regression of al l  the data to a single 
Set of parameters for Eq. 1. The average prediction error as approximated by the standard error of the 
residuals is 2%, and the standard deviation of replicate runs is the same. In Fig. 2, the synergy, or 
interaction of particle size and heat flux can be clearly seen. The reduction in tar for an increase in 
heating rate. as characterized by the slope of the trend lines at any point, increases as the particle 
thickness increases. The thickest particle pyrolyzed at the lowest heat flux produces over 65% tar, 
and it decreases to 20% at the maximum intensity investigated. This is consistent with the extensive 
tar cracking that likely occurs near the particle surface char zone where high temperatures prevail 
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for severe heating. Note that all dry particles heated at the intermediate heat flux result in 
approximately 25%-35% tar. 

The pyrolytic tar produced from a wet wood particle is presented in Fig. 3 as a function of 
both initial moisture content (abcissa) and heating intensity for the thickest particle size used in this 
study, 1.5 cm. The prediction error and the experimental error in the measured tar from wet 
particle yrolysis is about 5%. Note that moisture causes the optimum tar conditions to occur at 4 
callcmf-s. rather than the 2 callcm2-s for dry particles, consistent with the lower particle 
temperature expected when water is present. Overall, the level of tar produced is considerably 
higher, 50-70%, than for dry wood particles. Hydrogen is measured in the gases, as well. 

In Fig. 4, a composition profile of some components of both tar and gas is presented. Changes 
in this profile simply highlight changes in composition as process conditions change. The ordinate is 
the weight fraction of the reacted portion of the 1 cm particle data used in this figure. Thus all 
components plotted are each less than 2% of the moist wood particle that was pyrolyzed. The error as 
estimated from replicated determinations is about 0.5%. The high molecular weight species 
composition appears to vary little as particle temperature is manipulated by changing both moisture 
and heating intensity of the pyrolysis. However, the low molecular weight tar compounds are in 
greater concentration for mild intensity heating (2 cal/cm2-s) than for a greater heating rate which 
appears to favor the hydrocarbon gases and hydrogen. Although the composition differences are 
nearly within the experimental error, moisture appears to slighly enhance the production of 
methanol and acetic acid for these experiments (1 cm particle). 

CONCLUSlONS 

Data has been presented which suggests that moisture can enhance the production of tar from 
the pyrolysis of large wood particles using conditions that occur in a large scale reactor where the heat 
flux a particle experiences is quite constant. The most favorable conditions result in about 70% of the 
reacted biomass becoming tar. If one assumes that the mass balance discrepancy results from tar 
condensing on reactor surfaces, this is a conservative estimate. 
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Fig. 1 -Temperature histories at 4 positions in a 1 cm thick wood particle pyrolyzed with an 
applied heat flux of 4 caVcm2-s. 
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Fig. 3 - Measured weight fraction tar produced from a 1.5 cm thick wood particle as a function of 
moisture content for 3 different heating rates. 
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Fig. 4 - Product composition profile for two moisture content 1 cm thick particles heated at two 
heating rates. 
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Introduction 
Wood pyrolysis involves a complex system of chemical and physical processes. 

It is not yet possible to identify and model the individual reactions occurring 
during pyrolysis; however, a simplified model using lumped product groups such as 
tar. char, and gases can provide insight into the overall process. 

Upon heating wood decomposes by an unknown series of bond-breaking reactions. 
The species formed by this initial step may be sufficiently immobile to preclude 
rapid escape from the particle. Consequently they may undergo additional bond- 
breaking reactions to form volatiles or may experience condensation/polymerization 
reactions to form higher molecular weight products including char. During 
transport within the particle volatile species may undergo further reactions 
homogeneously in the gas phase or heterogeneously by reaction wiih' the solid 
biomass or char. The rate of volatiles mass transport within and away from the 
particle will influence the extent of these intraparticle secondary reactions. 
After escaping the particle, the tars and other volatiles may still undergo 
secondary reactions homogeneously in the vapor phase or heterogeneously on the 
surface of other biomass or char particles. Depending on reaction conditions 
intra- and/or extra-particle secondary reactions can exert modest, to virtually 
controlling influence on product yields and distributions from wood pyrolysis. 

There exists a substantial amount of literature on the primary pyrolysis of 
wood. The literature on homogeneous secondary reaction kinetics of wood pyrolysis 
tars, however, is limited to only two studies (1,2) and no literature exists on the 
heterogeneous secondary reactions of tar over fresh wood char. The objective of 
the present study, therefore, was to obtain improved quantitative understanding of 
the homogeneous and heterogeneous extra-particle secondary reactions of sweet gum 
hardwood pyrolysis tar under conditions pertinent to gasification. combustion, and 
waste incineration. Sweet gum hardwood was chosen for two reasons: (a) this type 
of wood has commanded interest as an energy crop in the southern United States, and 
(b) secondary reaction results can be compared to sweet gum hardwood primary 
pyrolysis results already reported in the literature (3). 

Results on homogeneous tar cracking are presented below. Studies of 
heterogeneous cracking of tar vapors over freshly generated wood char are in 
progress. Results will be presented. 

1. Exuerimentai 
Yields of individual primary and secondary pyrolysis products as affected by 

reaction conditions and physical and chemical characteristics of "primary" (newly 
formed) and "secondary" (surviving thermal treatment) tar samples, were needed to 
fulfill the study objectives. 

studies of secondary reactions in coal pyrolysis, was adapted for the present 
measurements. In this apparatus "primary" tar, h, tar that has undergone 
minimal extra-particle secondary reactions, is generated in an upstream reactor 
(No. 1) by heating a shallow packed bed of biomass, usually at a constant heating 
rate (typically 12OC/min). This tar and other volatiles are rapidly swept into a 
second reactor (No. 2) by a continuous flow of carrier gas (helium with an argon 
tracer). Here the volatiles are subjected to controlled extents of post-pyrolysis 
thermal treatment at temperatures between 400 to 800°C, pressures from 120 to 250 
kPa, homogeneous residence times (V/F) between 0.9 and 2.2 sec, and heterogeneous 
space times (vb/F) between 5 and 200 msec. 

V A two-chamber tubular reactor (Fig. 1) developed by Serio ( 4 )  for systematic 

. 
I 
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Four reactor configurations have been employed in the present investigation. 
In Mode I runs, Only the first-stage reactor is used, and freshly evolved wood 
pyrolysis products spend little time at high reaction severities. Thus they 
reflect minimal contributions from secondary reactions and are taken as well 
representative of the tars evolved near the wood surface. In the present work tars 
so evolved will be defined as "primary" tars. In Mode I1 runs, only the second- 
stage reactor is used, and yields and surface characteristics of fresh char as a 
function of initial wood bed depth are determined. In Mode I11 runs, the empty 
second reactor is connected downstream of Reactor 1, preheated, and then maintained 
isothermal. Homogeneous secondary reactions of wood tar vapors are studied 
quantitatively by controlling their extent of thermal treatment in this reactor and 
measuring its effect on product yields, tar loss and tar composition. In Mode IV 
runs, the second reactor is packed with a mixture of wood and quartz and again 
connected downstream of Reactor 1. Reactor 2 is first heated to 8OO0C to generate 
the fresh char then cooled to the desired reaction temperature prior to heating 
Reactor 1. Heterogeneous secondary reactions of wood tar vapors are studied by 
varying the temperature and heterogeneous residence time over the bed of char and 
quartz. 

Product characterization includes quantifying tar and light volatiles yields. 
and global analysis of tars. A Perkin-Elmer Sigma 2B Gas Chromatograph was used to 
determine the yields of carbon monoxide. carbon dioxide, methane, acetylene, 
ethylene, ethane, and C3 hydrocarbon gases. Size exclusion chroma,dgkaphy (SEC) 
was used to determine the weight averaged molecular weights of the primary and 
secondary tars. The equipment is a Waters Associates ALC/GPC 201 SEC system with 
twopstyragel columns, 500 and 100 A,  in series, and a 405 nm W detector. 

2. Mathematical Modeliu 
Wood pyrolysis involves a complex set of parallel and series chemical 

reactions frequently influenced by heat and mass transfer, and tractable models 
generally must be built upon simplifying assumptions. Our model assumes the 
following reaction sequence: 

char 

wood < tar ___c secondary gases 1) 

1 primary gases 

and describes each of the above pathways with a single-reaction, first-order rate 
constant, the parameters for which are determined by curve-fitting product yield 
data. The kinetic parameters for the formation of char, tar, and primary gases 
from pyrolysis of the same sweet gum hardwood used in this study have been reported 
(3). The present modeling focuses on homogeneous cracking of the tar vapor and on 
the secondary gas formation reactions. 

Net cumulative yields of unreacted tar and of individual gaseous products from 
tar vapor cracking were calculated as the difference between the cumulative amount 
of each entering (from Mode I runs) and leaving (from Mode I11 runs) Reactor 2 .  
The data were then fit to the kinetic equation 

where Vi is the yield of material i at time t, V*i is the ultimate value of Vi at 
long residence times and high temperatures, and ki is the global rate coefficient. 
Thus the rate of tar cracking at any time is modeled as first order in the 
difference between the ultimate (minimum) yield of tar (wt% of nonreactive tar) and 
the total amount of tar unconverted at that time. The rate of formation of an 
individual gaseous product is first order in the difference between the ultimate 
(maximum) yield of that gas and the amount of that gas generated up to that time. 
The kinetic parameters for homogeneous tar cracking and individual gaseous product 
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formation were found by a least squares parameter fitting technique. 

3. Pesults and Discussion 
Approximately fifty runs were performed to generate a broad data base on 

product yields as a function of primary and secondary reactor operating parameters. 
Good overall material balances and reproducibility were obtained. Selected tars 
collected from these runs were further characterized by SEC. 

3.1 Homoveneous Crackine Product Yields 
Product yields were determined for each experiment as described in Section 

1.2. Representative yields for primary pyrolysis of wood and for homogeneous 
secondary tar cracking at 600. 700, and 800°C are shown in Table 1 . 

Primary pyrolysis products from the first reactor were tar, char, water, 
carbon dioxide, carbon monoxide, and a trace of methane. More reactive primary 
products, such as tar, become reactants for secondary reactions, when the thermal 
treatment reactor (Mode-111) is in place. These secondary reactants, and products 
arising from their secondary reactions can in turn be identified by observing 
whether their yield increases, decreases, or remains constant when changing from 
Mode I to Mode 111. or when increasing the Mode I11 temperature. Tar, for example, 
is a primary product and a secondary reactant as demonstrated by its high yield 
from Mode I experiments and its decreasing yield with increasing reaccipn severity 
in Mode I11 experiments. For residence times of about 1 sec. homogeneous tar 
conversion ranged from 9wt% at 5OO0C to 30wt% at 600°C and up to 88wt% at 800°C. 

Carbon dioxide is both a primary and secondary product, since the yield in 
Mode I is about half the total CO2 yield from high severity Mode I11 runs (800OC. 
Table 1). Carbon dioxide accounted for about 14% of the tar lost during secondary 
tar cracking. 

Carbon monoxide and methane are evolved in modest quantities from Reactor 1. 
However, most of the production of these compounds along with acetylene, ethylene, 
ethane, and hydrogen arises from secondary reactions as evidenced by their 
substantial yield increases in the Mode-I11 experiments. 

Carbon monoxide was the major product of secondary tar cracking at all 
temperatures, accounting for about 60-70wta of the tar cracked. Methane and 
ethylene accounted for about 10 and llwta of the tar cracked. respectively, and the 
remaining 2-4wt% of the tar was cracked to form acetylene, ethane, and hydrogen. 
At high tar cracking severities (> 85%) the dry gas composition by volume was 48% 
CO, 19% Hg, 13% CH4, 21% COz, and 7% CzH4. with traces of CzH2 and CzHg. 

Negligible amounts of char were observed in the second stage of the tubular 
reactor upon completion of experiments on homogeneous cracking of tar vapor. This 
implies that when char formation is observed in wood pyrolysis other pathways such 
as liquid phase tar condensation reactions, possibly surface assisted, are 
responsible. This picture is consistent with the ablative pyrolysis studies of 
Lede et al. (5) who found that char formation in wood devolatilization can be 
prevented by rapidly removing prompt pyrolysis tar liquids from wood surfaces at 
elevated temperature. 

3.2 Tar characterization 
The tar samples collected after different extents of homogeneous secondary 

thermal treatment were characterized by size exclusion chromatography (SEC). The 
weight average molecular weight behavior of tars as a function of conversion is 
shown in Figure 1. As shown, the average molecular weight of tar surviving 
secondary cracking is lower than the molecular weight of primary tar (640 gm/mole) 
entering the cracking reactor. Average molecular weights tend to decrease with 
increasing conversion; however, the change in average molecular weight over the 
range of conversion 20-80% is small after a sharp drop in average molecular weight 
from zero to ten percent conversion. This behavior is consistent with tar cracking 
occurring by a random scission mechanism. 

3.3 Homoveneous Kineticq 
Yield data from the tubular packed bed reactor were used to calculate kinetic 
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parameters as described in Section 2. Resulting best fit kinetic parameters for 
formation of secondary gases and for the homogeneous cracking of tar are given in 
Table 2. 

The extent of secondary reaction is a function of both temperature and time. 
The separate effects of temperature and time can be described by a single parameter 
called "reactor severity," equal to the product of the rate constant at the reactor 
temperature and the isothermal residence time. Plots of the experimental yield of 
tar and individual gaseous products as a function of the dimensionless reactor 
severity (kt) are shown in Figures 2 - 5 together with smooth curves denoting the 
corresponding model predictions. The model predicts the experimental yields with 
an error generally less than ten percent. 

Homogeneous kinetic results of this study were compared to results found in 
the literature. Vapor phase cracking of wood pyrolysis tars from an unspecified 
softwood was studied by Diebold (1) and cracking of tars from both cherry and 
yellow pine was studied by Mattocks (2). Due to differences in product group 
definitions as well as modeling techniques and assumptions, our results could not 
be directly compared to the results of Mattocks. 

Diebold's kinetic parameters for the cracking of volatiles to gases (A - 
lo5"' sec-l, E - 87.5 kJ/mole) are comparable to the tar cracking parameters from 
this study (A - 104'98 sec-l, E - 93.3 W/mole). Over the common temperature range 
of experimentation (650 - 800°C) the rate constant of Diebold is only 3 - 3.5 times 
higher than that found in this work despite the differences in the re-cfor type and 
wood producing the primary volatiles. The small discrepancy could be due to 
effects of wood type, to slight differences in the models, or to Diebold's need to 
calculate the gas composition entering the isothermal section of his volatiles 
cracking reactor. In the present work the entering gas composition is measured 
directly in the Mode I runs. 

4. Conclusions and Sienificance 
The experimental results of this study identified and quantified those 

products generated by primary pyrolysis of wood and those formed by extra-particle 
secondary cracking of newly-formed wood pyrolysis tar. Tar. char, water, and 
carbon dioxide are primary products of wood pyrolysis. Additional carbon dioxide, 
however, is also formed by vapor phase cracking of tar. Carbon monoxide, hydrogen, 
methane, ethylene, acetylene, and ethane are products of homogeneous secondary 
cracking of wood tars, although modest amounts of CO, and trace quantities of 
methane are also observed under conditions chosen to arrest vapor phase tar 
cracking (Mode I). Carbon monoxide accounts for about 65 wt% of the products when 
fresh wood tar undergoes vapor phase cracking. 

Tars surviving various extents of post pyrolysis secondary thermal cracking 
were characterized by size exclusion chromatography (SEC). SEC indicates that tars 
surviving vapor phase cracking are lower in weight-average molecular weight than 
the uncracked tars. In addition, there was no evidence for tar molecular weight 
growth among these surviving tars. This result is consistent with the experimental 
observation of negligible coke production during vapor phase tar cracking. 

The experimental yields of the individual gaseous products from homogeneous 
cracking of wood pyrolysis tar can generally be predicted by global single-reaction 
first-order kinetic models to within better than ten percent. These first-order 
kinetic parameters are sufficiently intrinsic to be used in reactor design 
calculations including predictions of the contributions of extra-particle 
homogeneous vapor phase tar reactions. These parameters can also be used to 
estimate the kinetics of intra-particle homogeneous reactions of tar vapor, but 
further work will be needed to define the validity of this application. 

pot at i on 
Ai - Arrhenius pre-exponential factor for species i 
Ei - apparent Arrhenius activation energy for species i 
ki - Ai exp(-Ei/RT) - Arrhenius rate constant 
R - gas constant 
T - absolute temperature 
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V*i- ultimate yield in weight percent of wood of species i 
Vi - yield in weight percent of wood of species i 
V - volume of reactor 2 
3 - volumetric gas flow rate at reactor 2 temperature - volume of char bed in reactor 2 
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Table 1. Product Yields (weight I of wood) 
as a Function of Thermal Treatment 

Primary 
Yields 

52.8 
18.3 
0.4 
3.2 
6.8 
0.0 
0.0 
0.0 

16.3 
0 . 0  

. - - - - - - 

Secondary 
600°C 
1.2 8 

36.6 
18.1 
1.7 

14.7 
9.7 
0.1 
1.2 
0.1 

17.3 
0.1 

. _ _ - _ _ _ - - _  

Reaction Yields 
7OO0C 8OO0C 
1.0 8 1.0 s 

16.6 6.1 
18.4 17.8 
3.8 5.5 

25.7 35.7 
11.4 13.2 
0.5 0.6 
3.6 5.4 
0.3 0.4 

17.0 15.2 
0.6 1.0 

- - - - - - _ - - _ _ _ _ _ _ _  
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Table 2: Kinetics Parameters for Gas 
Formation and Tar Cracking 

(sec-') (kJ/mole) (wt% of wood) 
l o g  A E V* 

4.89 94.1 5.83 
5.76 109.3 5.17 C2H4 
7.52 138.8 0.38 

48.0 13.20 
87.8 36.33 

C2H6 2.55 
4.66 co 
6.64 128.4 1.09 
4.98 93.3 5.79 TAR 
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FLgure 1: Effect of Vapor Phase Thermal Treatment on Weight 
Average Molecular Weight of Surviving Tar 
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INTRODUCTION 

Considering a thermal r e a c t i o n  of a So l id  + F l u i d  type ,  t h e  appa- 
r e n t  r a t e  of r e a c t i o n  can be con t ro l l ed  by chemistry,  thermal and mass trans- 
f e r  r e s i s t a n c e s .  I f  t h e  chemical processes  a r e  ve ry  f a s t ,  and i f  t h e  f l u i d  
products a r e  e a s i l y  e l imina ted  from the  medium, t h e  o v e r a l l  rate of r e a c t i o n  
i s  con t ro l l ed  by hea t  t r a n s f e r  r e s i s t a n c e s .  This  i s  t h e  case  of t h e  a b l a t i o n  
regime [I ] ,  cha rac t e r i zed  by a s t e e p  temperature g rad ien t  a t  t h e  wood sur- 
f ace  and consequently by a t h i n  s u p e r f i c i a l  l a y e r  e of r e a c t i n g  s o l i d  moving 
a t  a cons tan t  v e l o c i t y  v towards t h e  co ld  unreac ted  p a r t s  of t h e  s o l i d .  

t h e o r e t i c a l  i nc rease  of t h e  s u r f a c e  temperature Td of t h e  s o l i d  (by increa-  
s ing  TW) would lead t o  a subsequent i nc rease  of t h e  hea t  f l u x  demand. Such a 
demand would b e  s a t i s f i e d  by an equa l  e x t e r n a l  h e a t  f l u x  supply,  a cond i t ion  

would be  a s t agna t ion  of Td, l ead ing  t o  a fus ion  l i k e  behaviour o f , t h e  reac-  
t i on .  

Suppose now t h a t  h e a t  i s  provided by a su r face  a t  TW. A 
I 

I f u l l f i l l e d  only wi th  l a r g e  tempera ture  g r a d i e n t s  (TW - Td). The consequence 
\ 

Wood pyro lys i s  c a r r i e d  o u t  i n  cond i t ions  of high a v a i l a b l e  hea t  
f l uxes  and e f f i c i e n t  e l imina t ion  of products  occurs  i n  a b l a t i o n  regime wi th  
production of very low f r a c t i o n s  of char  [2,3,4] and could t h e r e f o r e  behave 
as a simple fus ion .  This paper p re sen t s  a b r i e f  o u t l i n e  of t h e  main i d e a s  
and r e s u l t s  obtained t o  t h i s  e f f e c t  and i s sued  from d i f f e r e n t  approaches.  

I 

I 

; More d e t a i l s  can be found i n  r e l a t e d  papers c5,6,7,8]. 

The r e a c t i o n  has  been c a r r i e d  ou t  i n  t h r e e  d i f f e r e n t  cond i t ions  : 
hea t ing  aga ins t  a ho t  sp inning  d i s k  ; a g a i n s t  a f i x e d  hea ted  su r face  ; i n  a 

r e a c t i o n  i s  compared t o  t h a t  of solids undergoing simple fus ion  i n  t h e  same 
condi t ions .  

I continuous cyclone r e a c t o r .  In  t h e  f i r s t  two cases ,  t h e  behaviour of t h e  

SPINNING DISK EXPERIMENTS 

The mel t ing  of ice, p a r a f f i n  and " r i l s a n "  (polyamide 1 1 )  and t h e  
py ro lys i s  of wood have been. c a r r i e d  o u t  by apply ing  under known p res su res  p,  
rods o f  t h e  corresponding s o l i d s  a g a i n s t  a ho t  sp inning  s t a i n l e s s  steel  d i s k  
(-temperature Tw) [5,6]. I n  wood experiments,  t h e  r e a c t i o n  produces almost 
exc lus ive ly  gases and l i q u i d s ,  t h e  s o l i d s  be ing  mainly ashes  depos i ted  on 
t h e  d i sk .  T h q l i q u i d s  produced a r e  r a p i d l y  e x t r a c t e d  from t h e  wood s u r f a c e  
and e l imina ted  by t h e  f a s t  moving d i s k  on which they undergo f u r t h e r  decompo- 
s i t i o n  t o  gases a t  a rate depending on Tw. The presence  of t h e  t h i n  l i q u i d  
l aye r  a c t s  as  a kind of l u b r i c a n t .  

Figure 1 r e v e a l s  t h a t  under comparable va lues  of p, t h e  behaviour 
of v as a func t ion  of vR i s  similar, the o rde r s  of magnitude of v be ing  t h e  
same f o r  t h e  f o u r  types  of s o l i d s .  For v > 2 m s-I, v inc reases  wi th  p 
following : 



a depends on T 
p a r a f f i n  : 0.2y ; " r i l s an"  : 0.83 ; wood : 1) can be  f a i r l y  w e l l  r epresented  
by : 

and F on t h e  material. The mean va lues  of F ( i c e  : 0.035 ; 

F being c l o s e  t o  1 f o r  wood shows t h a t  i t  i s  probable  t h a t  AH, t he  enthalpy 
of py ro lys i s ,  is small w i th  r e s p e c t  t o  s e n s i b l e  hea t  i n  agreement wi th  l i t t e -  
r a t u r e .  

The equa t ions  of h e a t  f l u x  dens i ty  balancesbetween t h e  d i s k  and t h e  
rod a r e  : 

melting s o l i d  : h(TW - Tf)  = vpsCps (Tf - To) + vpSL 

wood : h(TW - Td) = vpsCps (Td - To) + vPsAH ( 3 )  

Assuming t h a t  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  h i s  t h e  only parameter 
depending on t h e  p r e s s u r e  (h = KpF) i t  can  b e  deduced : 

I n  agreement wi th  ( 4 ) ,  Figure  2 shows t h a t  t h e  v a r i a t i o n s  of F wi th  T p 
The vayues of Tf c a l c u l a t e d  from t h e  e x t r a p o l a t i o n  of t h e  s t r a i g h t  l i n e s  t o  
v = 0 a r e  i n  very  good agreement wi th  t h e  known va lues  of mel t ing  po in t s  
( b e t t e r  than 2 Z accuracy) .  The corresponding " fus ion  temperature' '  of wood i s  
then ca l cu la t ed  c l o s e  t o  739 K. 

a r e  l i n e a r  f o r  t h e  t h r e e  mel t ing  s o l i d s  and a l s o  f o r  wood. 

The v a l u e s  of h e a t  t r a n s f e r  c o e f f i c i e n t s  ob ta ined  from t h e  s lopes  
of t he  s t ra i  h t  l i n e s  i n  f i g u r e  2 are o f . t h e  same o rde r  of magnitude (around 
lo4 W I U - ~  K- ) whatever t h e  s o l i d  showing t h a t  t h e  mechanisms of hea t  t rans-  
f e r  a r e  probably s i m i l a r  f o r  wood and mel t ing  s o l i d s .  For wood, h v a r i e s  a s  
h = 0.017 p(W m-2 K-*) [SI. These va lues  r e v e a l  very  e f f i c i e n t  t r a n s f e r s .  

Q 

FIXED HEATED WALL 

The same experiments as be fo re  have been made with rods of i c e ,  
p a r a f f i n  and wood pressed  a g a i n s t  a s t a t i o n n a r y  p i e c e  of b ra s s  heated a t  TW. 

a b l a t i v e  mel t ing  o f  a s o l i d  c y l i n d e r  pressed  a g a i n s t  a ho r i zon ta l  w a l l  main- 
tened a t  TW [7J. In s t eady  state,  a l i q u i d  l a y e r  of cons t an t  th ickness  i s  
formed between t h e  h o t  s u r f a c e  and t h e  rod ,  w i t h  a r a d i a l  flow of l i q u i d .  
The r e so lu t ion  of t h e  equa t ion  o f  l i q u i d  flow a s s o c i a t e d  with t h a t  of energy 
balance between t h e  two su r faces  a l lows  t o  d e r i v e  t h e  fo l lowing  r e l a t ionsh ip :  

An a n a l y t i c  s o l u t i o n  has  been found f o r  r ep resen t ing  t h e  r a t e  of 

(5) 

where Pe i s  a P e c l e t  number, a f u n c t i o n  o f  a phase change number 

Ph = CPl (Tw-Tf 1 as Pe = Ph 

I + ph5% 

The r e l a t i o n  (5) shows t h a t  v v a r i e s  as poaZ5  whatever t he  type  of s o l i d .  In  
reduced form, (5) can  b e  w r i t t e n  as fo l lows  : 
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I 

By p l o t t i n g  V a g a i n s t  6 Pe3 P] ' I 4  one should o b t a i n  a s t r a i g h t  l i n e  o f  s l o p e  
one whatever t h e  n a t u r e  of mel t ing  s o l i d  and w a l l  temperature.  

A s  i n  t h e  case  of i c e  and p a r a f f i n  [7], a b l a t i o n  rate v f o r  wood 
pyro lys i s  v a r i e s  a s  wi th  a mean va lue  o f  F (0.29) c l o s e  t o  t h e  t h e o r e t i c a l  
one (0.25)(Fig. 3). The f i g u r e  4 ga the r s  a l l  t h e  experimental  po in t s  accor- 
d ing  t o ( 7 ) .  The phys ica l  p r o p e r t i e s  used f o r  t h e  c a l c u l a t i o n  of V and P f o r  
i c e  and p a r a f f i n  a r e  r epor t ed  i n  r e f .  [7,8]. I n  t h e  c a s e  of wood, t he  f a c t o r  
conta in ing  these  p r o p e r t i e s  i n  equat ion  ( 5 )  has  been f i t t e d  t o  the  experimen- 
t a l  r e s u l t s  ( f i g .  3) l ead ing  t o  v = 1.55 x 
f i t t e d  cons tan t  a s soc ia t ed  wi th  es t imated  va lues  f o r  pe(500 kg m-3), 
Cpx (3.65 kJ.kg-lK-1) and ae (0 .3  x m2 s-l) allows t o  c a l c u l a t e  
p e  = 72.5 x 
mel t ing  po in t  of 739 K [7,8]. 

(Pe3 ~ / p , ) ' / ~  (m s- ' ) .  The 

Pa.s,a reasonable  va lue  f o r  t h e  v i s c o s i t y  of a l i q u i d  a t  a 

I 

i 

The r eac t ion  occur ing  i n  a b l a t i o n  cond i t ion  concerns only a t h i n  ex te rna l  
wood l aye r  e i n s i d e  which t h e  equa t ion  of mass ba lance  ke  = v a s soc ia t ed  wi th  
e v  = as [5] l eads  t o  a r e l a t i o n s h i p  between t h e  a b l a t i o n  v e l o c i t y  and the  
chemical f i r s t  o rde r  k i n e t i c  cons t an t  k : k = v2/as and f i n a l l y  t o  : 

CYCLONE REACTOR EXPERIMENTS 

The continuous f a s t  py ro lys i s  of wood sawdust has been s tud ied  i n  a 
e (2.8 x IO-' m d iameter )  cyclone r e a c t o r  hea ted  between 893 and Lapple t 

1330 K 67. The wood p a r t i c l e s  c a r r i e d  away by a flow of steam en te r  tangen- 
t i a l l y  i n t o  t h e  cyclone on t h e  inne r  ho t  w a l l s  o f  which they move and undergo 
decomposition. Mass ba lances  show i n  a l l  the cases ,  a very low f r a c t i o n  of 
char  (< 4 2 )  while t h e  g a s i f i c a t i o n  y i e l d  i n c r e a s e s  wi th  w a l l  temperature TW. 
It appears from f i g u r e  5 t h a t  t h e  r e a c t i o n  seems t o  occur  only  f o r  w a l l  tem- 
pera tures  g r e a t e r  than  about 800 K i n  good agreement wi th  fus ion  temperature 
of 739 K. I n  such a model, t h e  decomposition temperature of p a r t i c l e s  be ing  
roughly cons tan t ,  t h e  g a s i f i c a t i o n  y i e l d  i n c r e a s e  with TW would then r e s u l t  
from f u r t h e r  vapor i za t ion  and/or decomposition of primary products  (mainly 
l i q u i d s )  a t  t h e  w a l l  and/or i n  t h e  gas phase wi th  an e f f i c i e n c y  depending 
on TW. 

DISCUSSION 

A l l  t h e s e  r e s u l t s  ob ta ined  i n  d i f f e r e n t  experimental  condi t ions ,  
show s t r i k i n g  similarities between a b l a t i v e  wood pyro lys i s  and mel t ing  of 
s o l i d s .  Nevertheless t he  equ iva len t  fu s ion  tempera ture  of 739 K has been c a l -  
cu la t ed  from r e l a t i o n  ( 4 )  based on the  assumption t h a t  Td i s  cons t an t .  L e t  
suppose now t h a t  Td depends on ex te rna l  phys i ca l  cond i t ions  (p ,  TW) under t h e  
assumption t h a t  AH << vpsCps (Td-To). The hea t  f l u x  d e n s i t y  ba lance  equa t ion  
i s  : 



Figure  6 shows t h e  v a r i a t i o n s  of Td w i th  TW (A  
Cp, = 2800 J kg-l K-l ; p, = 700 kg m-3) wi th  ?I as a parameter. The f i r s t  
o r d e r  r a t e  cons t an t  f o r  t h e  format ion  o f  " a c t i v e  ce l lu lose"  [g] 
k(s-1) = 2.83 x 1019 exp -29000/Td) has  been supposed t o  f i t  the  present  case 
of wood primary decomposition. 

= 0.2  W m-lK-' ; 

It can b e  observed t h a t  t h e  smaller t h e  va lues  of h ,  t h e  s h o r t e s t  
t h e  domain of w a l l  t empera ture  where Td = Tw ( f o r  t h e  lowest va lues  of h ,  
Td/TW becomes less than  one as wood beg ins  t o  decompose). I n  most of usua l  
experimental  dev ices  wood tempera ture  i s  then  very  d i f f e r e n t  from source  t e m -  
pe ra tu re .  Consequently,  t h e  d i r e c t  de t e rmina t ion  of py ro lys i s  r a t e  laws would 
have senseonly f o r  low w a l l  t empera tures  (< 750 K). 

F igure  6 shows t h a t  Td v a r i e s  wi th  TW and h ind ica t ing  t h a t  s t r ic t -  
l y  speaking, t h e  f u s i o n  model i s  not  appropr ia te . .  But i t  can be observed 
( s p e c i a l l y  f o r  t h e  low h)  t h a t  as soon a s  Td/TW < 1, Td inc reases  more and 
more slowly with TW and r a p i d l y  reaches  a roughly cons tan t  va lue .  Fusion 
model seems then t o  b e  a n  e x c e l l e n t  f i r s t  approximation. 

The hatched zone r epor t ed  i n  f i g u r e  6 is bounded by the  extreme 
va lues  of h determined i n  r e f .  
The "fusion temperature" of 739 K appears  t o  b e  w e l l  s i t u a t e d  i n s i d e  t h e  
hatched su r face .  Such a fa i r  agreement shows t h a t  t h e  chosen k i n e t i c  l a w  
i s  a good approximation f o r  wood decomposition. The "fusion temperature" 
must then be  cons idered  a a mean va lue  ly ing  roughly between 660 and 725 K 
f o r  TW = 773 K and between 700 and 800 K f o r  TW = 1173 K. 

[5] and by t h e  extreme va lues  of TW explored. 

CONCLUSION 

The behaviour  of wood rods undergoing a b l a t i v e  py ro lys i s  by more 
o r  l e s s  i n t ima te  c o n t a c t  with a hot s u r f a c e  has  revea led  s t rong  s i m i l a r i t i e s  
w i th  a phase change phenomenon. The p r i n c i p a l  reasons  developed a r e  the  
fo l lowings  : q u i t e  similar behaviour o f  wood rods  wi th  t r u e  mel t ing  s o l i d s  
when appl ied  on moving o r  f i x e d  s u r f a c e s  : same ordersof  magnitude of v and 
h ; same dependance l a w  w i th  app l i ed  p res su re  wi th  a power F showing probable 
l o w  va lues  of t h e  en tha lpy  of r e a c t i o n  ; same p0*25 dependance of v i n  the  
case of f ixed  s u r f a c e  ; same low of v a r i a t i o n s  of v wi th  wa l l  temperature.  
Abla t ive  p y r o l y s i s  c a r r i e d  o u t  w i th  sawdust i n  a cyclone reactor proves t h a t  
no f a s t  r e a c t i o n  occurs  f o r  w a l l  temperatureslower than  % 800 K.  

A consequence of t h e s e  conclus ions  i s  t h a t  t h e  accu ra t e  d i r e c t  de- 
te rmina t ion  of k i n e t i c  r a t e  cons t an t  o f  wood decomposition is  a d i f f i c u l t  
t a s k ,  l i k e l y  imposs ib le  over wide ranges  of tempera tures  i n  most of experi-  
mental  devices  (upper l i m i t  around about 800 K ) .  Even i f  such high tempera- 
t u r e s  could be reached, t h e  system should b e  designed i n  such a way t h a t  t h e  
products of t h e  r e a c t i o n  could a l s o  b e  removed from the  r eac t ing  s u r f a c e  with 
h igh  e f f i c i e n c i e s .  For example, f i g u r e  6 shows t h a t  Td = TW = 800 K would b e  
observed f o r  h = I O 6  W m-2 K-l. Assuming t h a t  t h e  a v a i l a b l e  hea t  f l u x  i s  
co- t ro l led  by conduct ion  through t h e  o i l  l a y e r ,  such a hea t  t r a n s f e r  coe f f i -  
c i e n t  would be e f f e c t i v e  f o r  an equ iva len t  l a y e r  thickness of 0.1 vm ! (cal-  
c u l a t i o n  made w i t h  a thermal conduc t iv i ty  of 0 .1  W m-1 K- 
course ,  an  e f f i c i e n t  removal of t h e s e  l i q u i d s  would prevent a l s o  t h e  ex ten t  
of t h e i r  subsequent decomposition t o  secondary products and then t o  reduce 
t h e  formation of new thermal i s o l a t i n g  l a y e r s .  

f o r  o i l ) .  Of 

A l l  t h e s e  conclus ions  a r e  i n  agreement wi th  the  a n a l p i s  o f  o t h e r  
au thors .  Diebold po in ted  out  i n  1980 t h e  e f f i c i e n c y  of " so l id  convection" f o r  
ca r ry ing  ou t  t h e  r e a c t i o n  of a b l a t i v e  p y r o l y s i s  of biomass (demonstration of 
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"sawing" biomass [ 4 ] .  The same author  s t a t e d  a l s o  r e c e n t l y  t h a t  c e l l u l o s e  
Passes probably through a l i q u i d  o r  p l a s t i c  uns t ab le  s ta te  ("ac t ive  c e l l u -  
lose") dur ing  py ro lys i s  be fo re  f u r t h e r  decomposition [14] i n  agreement wi th  
Anta1 who p o i n t s  o u t  the s t r o n g  ana log ie s  observed between c e l l u l o s e  pyroly- 
sis at high hea t ing  r a t e s  and phase change phenomena [IO, 11) with  a n  upper 
l i m i t  a t  which py ro lys i s  occurs  of 773 K. Evidence of such an  upper l i m i t  is 
explained by a com e t i t i o n  between h e a t  demand from biomass and a v a i l a b l e  ex- 
t e r n a l  hea t  f l u x  $21. The same au thor  [12J no t i ces  a l s o  the  d i f f i c u l t y  and 
indeed imposs ib i l i t y  of achiev ing  cond i t ions  whereby py ro lys i s  k i n e t i c s  could 
be  s tud ied  a t  very high temperatures.  F i n a l l y ,  i t  must b e  reminded t h a t  i n  
1980, Reed [13] proposed a model f o r  e s t ima t ing  the  enthalpy of f l a s h  pyroly- 
sis of wood based on s e v e r a l  s t e p s  : hea t ing  of biomass up t o  a r e a c t i o n  tem- 
pe ra tu re  of 773 K, followed by a depolymer isa t ion  t o  form a s o l i d  which sub- 
sequently m e l t s ,  melted ma t t e r  being a f t e rwards  ab le  t o  vapor ize ,  fo l lowing  
the  temperature.  

NOMENCLATURE 

a Constant (m s-l Pa-') 
CP 
e Thickness of  r e a c t i n g  wood l aye r  (m) 
F Exponent 
h 
H Spec i f i c  enthalpy (J kg-') 
K 
k 
L 
P P res su re  (Pa) 
Po Atmospheric p re s su re  (Pa) 
P Reduced p res su re  
Pe Pec le t  number 

S p e c i f i c  h e a t  capac i ty  (J kg-' K-') 

Heat t r a n s f e r  c o e f f i c i e n t  (W m-' K-'> 

Constant (W m-2 ~ - 1  Pa-F) 
F i r s t  o rde r  k i n e t i c  cons t an t  (s-l) 
Heat of fus ion  (J kg-') 

I Ph Phase change number 
, R Radius of t h e  s o l i d  cy l inde r  (m) 

Wood s u r f a c e  temperature (K) 
Fusion temperature o f  a mel t ing  s o l i d  (K) 
Ambient temperature (K) 

Td 
Tf 
T O  

TW ( Wall temperature (K) 

X G a s i f i c a t i o n  y i e l d  
i/ V Reduced v e l o c i t y  

a Thermal d i f f u s i v i t y  (m2 s-l) 
x 
u Viscos i ty  (Pa s) 
P Density (kg m-3) 

Subsc r ip t s  : 

I Abla t ion  v e l o c i t y  of the  s o l i d  cy l inde r  (m s-'1 

Thermal conduc t iv i ty  (W m-' s-') 1 

s o l i d  c y l i n d e r  
1 s  e l i q u i d  l a y e r  
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Fig. 1. Experimental variations of ablation velocities v with disk velocity 
VR for four kinds of solids : a(ice, .Tw = 348 K, p = 2x105 Pa), b ("rilsan", 
Tu = 723 K, p = 3,45x105 Pa), c(paraffin, TW = 373 K, p = 3.45~10~ Pa), and 
d (wood, TW = 1073 K, p = 3.7~105 Pa) (From 183). 

I 

Fig. 2 .  Experimental variations of v/pF with disk temperature TW for : a(ice), 
b("rilsan"), c(paraffin) and d(wood) (From [8]). 
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Fig. 3. Ablative pyrolysis rate of wood v as a function of applied pressure p 
for different wall temperatures - 0: 823 K ; ;Y : 873 K ; A : 923 K ; 0 973 K 

Fig. 4 .  Dimensionless representation of reduced velocity V as a function Of 
reduced pressure P for three kinds of solids - o : paraffin ; x : ice ; O  

wood ... 
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Fig. 5 .  Var ia t ion  of t h e  g a s i f i c a t i o n  y i e l d  X as a func t ion  of w a l l  ternpera- 
t u r e  TW i n  t h e  f a s t  py ro lys i s  of wood sawdust i n  a cyclone r e a c t o r  : compari- 
son with t h e  “ fus ion  temperature” o f  7 3 9  K .  

L ( K )  
w 

500 500 700 900 1100 1500 300 

Fig. 6 .  Theore t i ca l  v a r i a t i o n s  of wood su r face  temperature Td as a func t ion  
of heat source  temperature Tw f o r  d i f f e r e n t  va lues  of t h e  ex te rna l  heat 
t r a n s f e r  c o e f f i c i e n t .  The hatched s u r f a c e  corresponds t o  t h e  experimental  
domain ( 7 7 6  6 TW(K) d 1 1 7 6  and lo3 < h(W K - l )  < 6 x 104). 
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HEAT FLUX RBQUIREMENTS FOR FAST PYROLYSIS 
AND A NEW METHOD FOR GENERATING BIOMASS VAPOR 

Thomas B .  Reed & Craig D .  Cowdery 
Colorado School of Mines, Golden CO 80401 

ABSTRACT 
The term "fast pyro1,ysis" has been used to describe a pyrolysis 

regime in which vapor produbtion is enhanced and char mimimized by 
rapid heating. It has been found in the last decade that high yields 
of primary pyrolysis oil can be achieved using fast pyrolysis. More 
recently it has been found that the pyrolysis vapors can be converted 
to high grade fuels using a catalyst. This makes fast pyrolysis of 
biomass desirable for synthetic fuel manufacture 

We present here results derived from the Diebold Integrated 
Kinetic Model (DKM) that predict the time, the temperature, and the 
products of pyrolysis and the heat for pyrolysis of cellulose as a 
function of heating rates between 0.01 and 105aC/min. This range 
covers very slow pyrolysis requiring days to fast pyrolysis occuring 
in fractions of a second. The predictions are in good qualitative 
agreement with experimental measurements. 

We then compare the heat flux required for slow and fast 
pyrolysis for particles with that which can be obtained with practical 
heating devices. The comparison shows that convective and radiative 
heat transfer is adequate for fast pyrolysis of small particles, but 
not for large particles, due to conduction to the interior. We derive 
the heat flow requirements for large bodies, the time for onset of 
pyrolysis, and the depth of heat penetration in that time. We compare 
the heat flux from various practical devices wi'th those observed in 
"contact pyrolysis" experiments of Diebold and Lede on large 
particles. The comparison shows that higher heat flux methods are 
required for fast pyrolysis of larger particles 

We have designed a "heat flux concentrator", based on the 
experiments of Diebold and Lede to generate wood vapors for upgrading 
to gasoline-like liquids. A rotating birch dowel is fed into a heated 
copper block. Vapors emerge from the bottom and are condensed and 
collected, or passed over a catalyst to establish optimum conversion 
conditions. The pyrolysis rates and results of catalytic conversion in 
these experiments will be described. 

INTRODUCTION 
Pyrolysis of biomass is a very old and complex process producing 

variable quantities of charcoal, pyrolysis liquids and gases from 
biomass, peat or coals (1). Pyrolysis was the principle source of 
chemicals in Western society for about a century and could gain become 
a major source, particularly if the products can be tailored to modern 
needs through better understanding of the pyrolysis process or 
improved upgrading of the products. 

The relative amounts of charcoal, liquid and gas obtained from 
pyrolysis depend on the time-temperature-pressure history of the 
sample in a way which may never be completely understood. This has 
led to apparent controversy over the magnitudes of kinetic factors, 
energies and products when investigators compare results from 
different experiments. Nevertheless great progress has been made in 
the last decade in understanding the role of these variables in 
controlling the nature and quantity of the products. 

The term "fast pyrolysis" has been used to describe a pyrolysis 
regime in which vapor production is maximized and the formation of 
char is minimized by rapid heating. It has been found in the last 
decade that it is possible to obtain high yields of pyrolysis oils or 
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gas using high heat flux ( 1 - 3 ) .  It has more recently been found that 
pyrolysis oil can be converted catalytically to high grade, high 
octane motor fuel. Thus there is a strong motivation to understand 
these relations. 

While there is no hard boundary between "slow" and "fast" 
pyrolysis, it is necessary to understand the relation between the time 
and energy required for each and the different chemistry and the 
possible mechanisms available for supplying this heat. We hope this 
paper will help draw together the apparently disparate results using a 
time-temperature-pressure kinetic model and lead toward more effective 
methods of pyrolysis. 

CELLULOSE AND BIOMASS PYROLYSIS KINETICS 
Biomass is a composite plastic, consisting of cellulose, hemi- 

cellulose and lignin with cellulose constituting more than half the 
tot.al and giving most of the mechanical strength. Cellulose has the 
best defined structure and thus has been studied more than lignin or 
hemi-cellulose. Furthermore it constitutes more than half the 
substance of most biomass and contributes most of the strength. Much 
of the followi.ng discussion applies primarily to cellulose, but 
qualitatively to all biomass. 

The rates of pyrolysis reactions are usually represented in the 
form of a first order Arhennius rate equation 

where X represents the quantity of any reactant X at time t and 
temperature T. (A is the pre-exponential and E is the activation 
energy. R is the gas constant). If the biomass is heated at a constant 
rate of R QC/sec, simple substitution leads to 

dX/dt. = -X A exp(-E/RT) 1 )  

dX/dT (-AX/R) exp(-E/RT) 2) 
The values for A and E in Eqs. 1 and 2 are usually measured by 

thermogravimetric analysis (TGA) and describe the global pyrolysis 
(including all solid state reactions) in terms of a single A-E pair 
(2,3). While this oversimplfification may be justified over a narrow 
temperature range for engineering purposes, the global approach 
ignores preliminary solid state reactions and and thus is not able to 
predict the change of products with heating rate, the time required 
for pyrolysis or the temperature of pyrolysis. 

Several reaction schemes for cellulose pyrolysis have been 
proposed involving competing parallel and consecutive reactions 
(2,3,5,6). Cellulose pyrolysis now appears to involve an initial 
drying step (not discussed here), followed by two parallel reactions 
which for instance differentiate between two subsequent paths as shown 
in Table 1. The first reaction involves cross linking (trans- 
glycolization) of the cellulose and leads to the formation of 
charcoal. The second reaction is a depolymerization leading to a low 
molecular weight liquid or solid depending on temperature and rate of 
formation. This was called the "active state" by Bradbury and 
Shafizadeh ( 4 ) .  These more volatile components may either immediately 
evaporate at low pressure or evaporate subsequently at higher 
pressures. 

AN INTEGRATED MODEL OF CELLULOSE BIOMASS PYROLYSIS KINETICS 
The justification for studying the various pyrolysis reactions is 

to predict the detailed course of pyrolysis under a wide variety of 
conditions. Diebold has recently collected previous work on various 
aspects of cellulose pyrolysis into a single integrated model of 
cellulose pyrolysis (5,6). The six reactions included are shown in 
Table 1. The temperature at which the reaction rate reaches 10-6/s and 
l/s is listed for convenience in evaluating the relative strength of 
each reaction.ote that the reaction producing char reaches a rate of 
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10-6/s at 208 o C ,  while the depolymerization reaction does not reach 
10-6/s until 225 OC. Thus slow pyrolysis favors charing. However the 
depolymerization reaction reaches a rate of l/s at 379 06, while the 
charing reaction does not reach a rate of l/s until 703 O C .  Thus 
rapid heating favors depolymerization and volatilization over charing. 

The Diebold Kinetic Model (DKM) permits calculation of the 
relative amounts o f  the products of pyrolysis as a function of time- 
temperature history. The kinetic equation 1) using values in Table 1 
are integrated using the Runge-Kutta technique on a microcomputer. A 
second-derivative test is used to determine the time increment. The 
model permits any type of heating history, but the results given here 
are those for a constant heating rate as given in Eq. 2). 

Table 1 - Simplified Cellulose Pyrolysis Reaction Scheme 
-_--_-__------__-------------------------------------------------- ----_--_------_--__----------------------------------------------- 

kvc+ SECONDARY CAS f -  kvg 
FEED -ka j ACTIVE -> PRIMARY -kvT+ SECONDARY 

VAPORS TAR ( v ) 

ka+ CHAR(d)tHzO k c 4  CHAR(a) t HzO 

REACTlON 

Cellulose to char t H2O 
Cellulose to ktive 
Active to Primary Vapor 

at 1 atm 
Active to primary vapor 

vacuum 
Active to Char(b1 t H20 
Active to gas 
Primary vapors to gas 
Primary vapors to tars 

k A E T(R=10-6) T(R 1 )  
sec- 1 kJ O C  O C  

ka 
ke 
kv 

kv Y 

kc 
kv e 
kv e 
kv t 

6.69Et05 
2.80Et19 
6.79Et09 

3.20Et 14 

1.30Et10 
3.57Etll 
3.57Etll 
1.81Et03 

109 
243 
140 

198 

153 
204 
204 
61 

2oa 
225 
188 

231 

224 
335 
335 
70 

703 
379 
470, 

440 

518 
65 1 
651 
700 

iu’otes: Kinetic constants used in Diebold kinetic model. T(R = 10-6) 
is the temperature where the rate contsant R = 1 0 - 6 ;  T(R = 1) is the 
temperature at which R = 1. ------------_____-_-____________________----------------------------- ---------_______________________________----------------------------- 
While this model may not. explain all aspects of cellulose 

pyrolysis, it goes a long wag toward predicting the changes observed 
with time-temperature-pressure. Other values for kinetic factors and 
other pathways should be substituted as they become known. In 
particular, an improved model should include the effect of pressure 
explicitly in the vaporization rates given by k, and k,, . The nature 
and role of t.he “active” state needs to be better defined, since it 
plays a key role in this and other schemes. We will use this model 
here to predict heat flux requirements for slow and fast pyrolysis of 
cellulose. 
DEPENDENCE OF TIME, TEMPERATURE AND PRODUCTS ON HEATING RATE 

The dependence of the pyrolysis time, tp and pyrolysis 
temperature, TP on heating rate predicted by the DKM are shown in 
Table 2 and Fig. 1 .  The dependence of products on heating rate is 
shown in Fig. 2 .  (It is the nature of an exponential decay that it is 
never complete. We have therefore arbitrarily taken the time and 
temperature of pyrolysis as that time and temperature where the 
reaction is more than 99.9% complete.) 
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0.01 
0.1 

1 
10 
100 

1000 
10000 
100000 

1650000 
181200 
19800 
2142 
234.6 
25.5 
2.778 

0.3042 

275 
302 : 
330 I 
357 : 
391 : 
425 : 
463 ; 
507 I 

23.9 
12.4 
6.9 
4.2 
2.6 
1.2 

0.005 
0.003 

46.2 
73.2 
84.6 
90.3 
94.3 
97.2 
98.7 
99.4 

29.9 
14.9 
8.7 
5.4 
3.1 
1.5 

0.007 
0.003 

Notes: Values calculated from Diebold model. ---------_______________________________----------------------------- --------------------------------------------------------------------- 
Here it is seen that pyrolysis temperatures vary between 280 and 

over 500oC as heating rates increase from 10-2 to 105 O/min. In slow 
"commercial" pyrolysis, char yields are still increasing with 
pyrolysis times of over a month, and pyrolysis is complete at 
temperatures below 300oC. These correspond to the conditions that 
have been used classically for the manufacture of charcoal (1). Most 
of the kinetic data of Table 1 were acquired in experiments using 
convenient "laboratory" heating rates of 1-1000 C/min. The predicted 
char yields of 2.6-6.9% and temperatures of 330-39OOC correspond to 
those observed experimentally in this range. 

4t even higher "heroic" heating rates, gas and oilyields are 
still increasing with rates of over 10' oC/min where pyrolysis occurs 
at about 460OC. These conditions correspond to the experimental 
conditions of Diebold, Lede and Reed (7-9) produced by contact 
pyrolysis (see below). Thus it is clear that heating rate is a primary 
variable for controling products in pyrolysis. 

While the calculations in this paper are for cellulose, we 
believe the conclusions are qualitatively valid for all biomass. 

HEAT OF PYROLYSIS AND HEAT FOR PYROLYSIS: 
The energy required for pyrolysis, A h p  has long been a subject 

of interest to those involved in pyrolysis; yet no commonly accepted 
value is available to an engineer wishing to design a pyrolysis 
reactor, and even now it is n o t  clear from the literature whether 
pyrolysis is endothermic or exothermic. It has been reported to vary 
from t370 J/g (endothermic) to -1700 J/g (exothermic)(5). One reason 
there is no commonly accepted value is that it is a difficult 
measurement to make under many of the conditions of pyrolysis (very 
slow or very rapid heating, large quantities of condensible vapors 
present, large temperature gradients in the sample). A more 
fundamental reason however is that the value depends on the particular 
form of biomass, the conditions of the experiment and the products 
formed, so that there is a unique value for each experiment. We will 
give here a method of calculating the heat of pyrolysis for known 
heating rates and products which, while approximate, underlines the 
factors that must be taken into account. 

We define the "heat of pyrolysis" of biomass, a h p ,  as that heat 
required to effect the phase change from biomass to char-liquid-gas at 
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the temperature where pyrolysis occurs. (We define the “heat of 
pyrolysis as the heat required for the phase change plus the heat 
required to reach this temperature - see below. ) A thermodynamic 
calculation of A h p  can be made for cellulose based on the idealized 
reactions shown in Table 1.  The idealized charing react,ion for 
cellulose can be written as Rx I: 

Rx I l/n (CsH1005).---> 6 C t 5 HzO AH. = - 4 1 5 . 1  kJ/mole 
Rx I1 l/n ( C S H I O O ~ ) ~  - - ->  CSHIOOS (v) ~ H v  = 6 0 . 0  kJ/mole 

(Here we use the notation l/n (CsHl00s)~ for cellulose to emphasize 
its polymeric nature. The values above are calculated from the heats 
of combustion or formation of the products and reactants.) The second 
reaction represents the depolymerization of cellulose to levoglucosan, 
with simultaneourvaporization. (Levoglucosan is the principal 
decomposition product of cellulose.) 

These two reactions can be combined in the appropriate ratio to 
give a value f o r  the heat of pyrolysis depending on the relative a- 
mount of carbon formed, eg 

1 

or 
AHp = 5 9 . 9 6  - 4 7 5 . 1  F, kJ/mole 

A h p  3 7 0  - 6 6 0 3  Fc J/g 
3 )  
4 )  

where Fc is the weight fraction of carbon produced in the charing 
reaction. These values of the heat of pyrolysis should be considered 
as idealized because pyrolysis of cellulose gives charcoal (not 
exactly carbon) and other products beside levoglucosan. Nevertheless 
they illustrate the necessity for knowing the products in measuring the 
heat of pyrolysis. 

measure the A h p  of cellulose ( 2 ) .  He varied the amount of char formed 
by changing the pressure of the experiment. He found an approximately 
linear change in the A h p  of cellulose from -170  kJ/g with a char 
production of 23% (typical of slow pyrolysis) to t270 kJ/g with a char 

These values can be used in a linear equation to predict the heat 

bntal recently used a high pressure scanning calorimeter to ! 

\ 

I 
I 

production of 9% (typical of fast pyrolysis)(5). 

i of pyrolysis on the basis of char content F c ,  ie 

Ah, = 5 5 3  - 3142 Fc kJ/g 

where Fc is the fraction of charcoal produced. Note that the values 
for the coeficients resulting from the experimental values are similar 
in magnitude to those predicted from thermodynamic calculation in 
Reaction 4 ) .  The heats of pyrolysis calculated from the predicted 
char production and pyrolysis temperatures are listed in Table 3 .  

A quantity of more interest to the engineer is the heat for 
pyrolysis. Wc define the “heat for pyrolysis”, hp as the sensible heat 
required to raise a biomass particle to pyrolysis temperature, ( =  c T p  
where c is the heat capacity of the biomass) plus the heat required to 
pyrolyse it, A h p .  (If the products of pyrolysis are then heated above 
this temperature, this heat must also be included.) Table 3 also shows 
values of hp for pyrolysis of cellulose calculated from 2 )  and the 
heat capacity of cellulose, 1 . 3 1  J/g-OC ( 0 . 3 2  Btu/lb-F). Note that the 
variation of hp with heating rate is small compared with the variation 
of Ahp. 
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0.01 275 
0.1 302 

1 330 
10 357 
100. 39 1 

1 no0 425 
10000 463 

1 noooo 507 

23.9 -198 
12.4 163 
6.9 336 
4.2 421 
2.6 47 1 
1.2 51 5 

0.005 553 
0. 003 5.53 

hp 
J/g 

162 
559 
769 
8R9 
084 
072 
159 
21 7 

Notes: Char yield calculated from Diebold Model. A h p  calculated - calculated from 553-3142Fc : h p  
h p  with c = 1.3 J/g-oC for cellulose A h p  =-c(TP - To) ________________________________________----------------------------- ________-__--_-_________________________----------------------------- 
HEAT FLUX REQUIRED FOR SLOW AND FAST PYROLYSIS 
A. Small Particles & Slow Heating 

The average heat flux required to pyrolyse a particle is given by 

6 = AhppV/tpA 6 )  

where 4 is the rate of heat supply per unit area, is the density, V 
is the volume and A is the heated surface area of the particle. I f  
the particle is a cube, this simplifies to 

4 = h P P  L / 6  tp 7) 

where L i s  the length of the cube edge. 
The data in Table 2 and 3 can be combined with this equation to 

predict. the magnitude of heat flux required for slow and fast 
pyrolysis. Table 4 shows the heat flux required to pyrolyse a 1 cm 
cube of cellulose (or biomass). The values shown are calculated for 
heating the particle just to pyrolysis temperature. They assume that 
the particle is approximately isothermal and pyrolysis occurs 
everywhere at once. 

The above calculation assumes that there is no resistance to heat 
transfer, and the particle will be essentially isothermal. However 
most forms of wood and biomass are relatively poor conductors of heat 
and at higher heating rates the results shown above will not be valid. 
The validity of these assumptions is tested by the Biot number, given 
by 

Ne = Heat flux to surface/Heat flux to interior 
Ne H L/K 8) 

(where H is the heat transfer coefficient, characteristic of whatever 
method of heating is used; L is a characteristic length of the 
particle, typically the cube root of the volume: and K is the thermal 
conductivitY.) 

Unfortunately the heat transfer coefficient H is generally 
applied to convection or radiation heating with small temperature 
differences, where heat .transfer is a strong function of A T .  However 
for high temperature radiation and contact pyrolysis sources, the 
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change in AT is relatively small and the Biot number is approsimated 
by 

N~ = &/KAT 

0 . 0 1  
0 . 1  

1 
10 

100 
1 0 0 0  

10000 
100000  

275  
302  
330  
357 
391 
4 2 5  
4 6 3  
507 

162 : 8 . 2 0 8 - 0 6  
5 5 9  2 . 5 7 B - 0 4  
769  : 3 . 2 3 E - 0 3  
8 8 9  : 0 . 0 3 5  
9 8 4  : 0 . 3 5  
1072 : 3.50 
1 1 5 9  : 3 4 . 7 8  
1217  : 3 3 3 . 4 1  

7 . 1 E - 0 6  
2 . 2 E - 0 4  
2 . 8 8 - 0 3  

0 . 0 3 0  
0 . 3 0 4  

3 . 0  
3 0 . 2  

2 8 9 . 9  

Note: Heat f l u s  calculated from 6 = hp L/6 tp 

X = 0.0023 J/s-cm-OC 
Biot number calculated from Ns = h P p  L P / 6  t p K A T  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  - - -_- - - - -__-- - -_- -__-- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  
F o r  Biot numbers less than 1 ,  the particle will be nearly 

isothermal and will dry, then pyrolyse in sequence. For  Biot numbers 
larger than 1, the resistance to heat transfer within the particle 
becomes large compared to that of the heat source and steep gradients 
esist. in the particle. In this case the pyrolysis wave travels from 
the outside of the particle to the inside, producing simultaneous 
drying and pyrolysis. 

The Biot number for a 1 cm cube is also shown in Table 4, 
calculated for the particle heating rates shown and assuming an 
average temperature difference of 500 ii in. Here it can be seen that 
the assumption of  an isothermal particle is valid for slow heating 
rates and small particles. However for a heating rate larger than 100 \ 

OC/min and a heating rate of 0 . 3 5  W/cma there will be steep gradients 
in the particle, so that the heat flus will be altered and the drying 
and pyrolysis will occur simultaneously. 

B. Large Particles IL Rapid Heating 

For high heat flux and larger particles, when the Biot number 
esceeds 1 ,  it is necessary to calculate the non-steady state heat 
transfer for the particular particle geometry and surface temperature. 
While this can be quite complex for most cases, it is relatively 
simple for the one dimensional steady state case esperiment described 
by Lede in contact pyrolysis ( 8 ) .  In t.his case a heated disk supplies 
sufficient heat to a beech dowel to pyrolyse and vaporize it at a rate 
V. The steady state temperature distribution in the rod is given by 

T(s) = To t (q/pcV)exp(-Vx/B() = (Td - To)exp(-Vx/*) t To 1 0 )  

where T(r) is the temperature at a distance x from the heat source of 
strength q, TD is the temperature at the pyrolysing interface and TO 
is the initial temperature of the rod. The density of' the wood is p ,  c 
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is the heat capacity, r& the thermal diffusivity and V the rate of 
pyrolysis. IHere we have taken the following values used by Lede for 
consistancy; heat capacity,~ :: 2.80 J / g - " C ;  density = p = 0.70 g/cm*. ; 
thermal conductivity K = 0.0023 J / s - c m - o C ;  thermal diffusivity = (II = 
0.0012 c m z / s  __-______________-______________________-------------------------- ________________________________________--------- - - - - - - - - - - - - - - - - -  

Table 5 - Steady State Fusion-Pyrolysis of Birch Rod 

HEAT F L U X  q 10.00 100 1000 W/cmz 

Velocj ty (b) V 0 . 0 1  0 . 1 1  1 .14  cm/s 
Penetration (c) Xc 0.10 0 . 0 1  0 . 0 0 1  cm 
Heat stored Q 89.76 8 .98  0.90 J/cmz 
Induction Time (e) ti 9 . 0  ' 0 .09 0.0009 S 

Notes and assumpt.ions: (a) Tp = 466 O C ,  To = 20 O C  
( t i )  The pyrolysis velocity, V was calculated from V = q/(pc)iTp-To) 
(c) 'The heat penetration X(l/e) was taken to be the distance at 
which the t,emperature had fallen to l/e of Tp, V X / u  = I ,  S=WV. 
(d)The heat stored in the rod, Q, was calculated as the integral 
of the sensible heat between x=O and s = o o ,  = ecp (Tp-Ta)/V 
(e) The induction time ti is the time required to establish the 
steady state temperature gradient, t. = Q / G .  This assumes the 
heat transfer intensity is constant before steady state is 
reached. 
( f )  Temperature Distribution T = T. esp(-Vs/aO + To __--_____________--------- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  ________________________________________--------- - - - - - - - - - - - - - - - - -  

Note in Table 5 that the velocity and heat penetration increase 
linearly with heat flus. However, the induction time required to 
reach steady state varies inversely as the square of heat flux. At 
low flus, considerable char may build at the interface so that the 
steady state condition may never be reached. 

HEAT TRANSFER MECHANISMS FOR FAST PYROLYSIS 
The magnitudes of heating rates which can be obtained from 

various methods of heat transfer are shown in Table 6 (Heed, 1981 C u  
Xtn.1. Comparing the fluxes shown in Table 4 to the values in Table 5, 
it can be seen that the high heating rates required for fast pyrolysis 
of small particles can be achieved with convection, radiation or 
conduction. 

Convection is the least satisfactory heat transfer mechanism for 
fast pyrolysis because the water and pyrolysis vapors produced during 
pyrolysis interfere with heat transfer. A l s o  convection from gas 
sources with temperatures above 600 O C  is unsuitable for oil 
production because they crack the pyrolysis oils which are only stable 
to about 600 O C .  Low temperature radiation sources (below 1000 0 C  are 
also unsatisfactory for fast pyrolysis of larger particles. 

The production of pyrolysis oil is favored by radiation from a 
high temperature source or by "contact pyrolysis" (see below). In the 
case of radiation, the solid is heated rapidly, but the vapors are 
largely transparent and transient and so are not overheated ( 1 2 ) .  
Unfortunately black body sources with temperatures above 2000 O C  are 
expensive and difficult to use. 

CONTACT PYROLYSIS 
A new method of heat transfer, "contact pyrolysis", has been 

developed in the 1980's and appears to be especially suited for the 
production of pyrolysis oil vapor. 
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Typical Maximum 
Temp diff Ht T$ansf 

K W/cm2 
A T  9 

CONVECTION 
Gas Free Convection 500 10 
Gas forced convection 500 300 
Air-Gas Flame 1500 200 
Oxy-Acetylene flame 3000 3000 
CONVECTION, ELECTRONIC 

Electric arc 10,000 20,000 

RADIATION 

Black Body 

Surface T 
O K  

7 7 3  20 
1,273 150 
2,273 1,500 
5,273 44,000 

Focused C02 laser 100,000 

CONTACT PYROLYSIS 873 3,000 

Maximum 
Ht tr coef 

H 
W/cma -K 

0.02 
0.6 

0.13 
1 . oo  

2 

0.026 
0.12 
0 .66  
8.3 

NA 

3.2 ------_-------------------------------------------------------------- --_---_-------_--_--------------------------------------------------- 
In 1980 Diebold showed that a moving hot wire would cut through a 

piece of wood at rates of several cm/sec with apparently no production 
of charcoal (7). Led& et a1 have since shown that a wood dowel can be 
consumed at rates up to 3 cm/sec corresponding to heat transfer rates 
of 3000 J/cmZ by pressing it against a heated disk (8). Furthermore 
the heat transfer rate is directly proportional to pressure, and a 
pressure of 30 atmospheres was used to attain the above heat transfer 
rate. The heat transfer is also proportional to the difference 
between the disk teaperature and 466 O C .  This was interpreted to show 
that the wood had a "fusion behavior" above 4 6 6 O C  (8,13). Reed has 
now developed a "heat flux concentrator" (see below) using a copper 
block to produce vapors for catalytic conversion to fuel ( 9 ) .  

Contact pyrolysis has several interesting and non-obvious 
features : 
o The thermal conductivity of metals is typically 3-4 orders 

of magnitude higher than that of hot gases or biomass, and so the heat 
transfer produced by direct contact is proportionally high. 

vaporization of the pyrolysis products so that they do not 
interfere with heat transfer, and instead the biomass pyrolyses 
to an oii or foam 

o When the resulting oil or  foam is squeezed out of the interface 
region, it is immediately in a low pressure region and can 
vaporize very rapidly 

o The rubbing contact removes char or ash which would otherwise 
interfere with heat transfer 

o The use of pressure at the heated interface retards the 

A HEAT FLUX CONCENTRATOR FOR CONTACT PYROLYSIS PRODUCTION OF 
PYROLYSIS O I L  VAPOR 

In order to produce vapors for catalytic conversion to 
hydrocarbon fuels, we have developed a "heat flux concentrator" shown 
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i n  F i g .  5 a n d  6. I n  o p e r a t i o n ,  a wood dowel  is r o f a t e d  i n  a d r i l l  
p r e s s  and f o r c e d  i n t o  a 1.2 c m  d i a m e t e r  t a p e r e d  h o l e  i n  t h e  h e a t e d  
c o p p e r  b l o c k  shown i n  F i g .  5. The r o d  is  f e d  a t  a r a t e  o f  0.2 - 0.25 
cm/sec. The v a p o r s  e s c a p e  t h r o u g h  1 2  h o l e s  t h r o u g h  t h e  bot.tom o f  t h e  
b l o c k  and a r e  t h e n  c a p t u r e d  i n  t r a p s  a n d  i n  a g a s  b u r e t t e .  
. A l t e r n a t i v e l y ,  t h e  vapors t r a v e l  w i t h o u t  c o o l i n g  t o  a c a t a l y s t  tes t  
f u r n a c e  a s  shown i n  F i g .  6 where  t h e  p r o d u c t s  a r e  c a p t u r e d  (91. 

The h e a t  f l u s  c o n c e n t r a t o r  h a s  b e e n  o p e r a t e d  t o  p r o d u c e  p y r o l y s i s  
vapor as a n  end  p r o d u c t , ,  or t o  t e s t  t h e  o p e r a t i o n  o f  v a r i o u s  
~ ~ . t a l y s t . s .  4 p r e l i m i n a r y  m a s s  b a l a n c e  o n  p y r o l y s i s  o i l  p r o d u c t i o n  is 
s h o w  i n  T a b l e  7 f o r  p y r o l y s i s  r u n s .  W e  o b s e r v e  t h a t  t h e  w a l l s  of  t h e  
p y r o l y s e r  a n d  t h e  e x i t  h o l e s  hecome c o a t e d  w i t h  R h a r d ,  s h i n y  form of  
c a r b o n  Like p e t r o l e u m  c o k e .  W e  now b e l i e v e  t h a t  t h e r e  i s  a h i g h  
r e s i R t a n r e  t o  v R p o r i z a t . i o n  which  c a u s e s  p l u g g i n g  o f  t h e  p y r o l y s e r  
3 f i . e r  t h e  feed i .ng  o f  a h o u t  5 g .  We a r e  c u r r e n t l y  m o d i f y i n g  t h e  d e s i g n  
t o  improve \ v a p o r i z a t i o n .  .A few c a t a l y s t .  r u n s  h a v e  a l s o  been  made and 
t h e y  x i 1 1  b e  d e s c r i b e d  i n  more d e t a i l  l a t e r .  

_______-_-______________________________-------------------_--------- ________________________________________-- - - - - - - - - - - - -_- - - - - - - - - - - - - -  
T a b l e  7 - P r e l i m i n a r y  Mass B a l a n c e  on  C o n t a c t  P y r o l y s i s  E s p e r i m e n t s  

P y r u l y s i s  TP Wood g l i q /  g g a s /  g c o k e /  Mass out/ 
Run O C  Consumed g wood g wood g wood Mass i n  

5P 550 2.56 0.61 0.10 0.27 0.98 
8P 600 5.59 0.57 0.10 0.33 1.00 
9P 500 6.10 0.52 0.12 0.25 0 . 8 9  
1 I P  7 00 4 . 2 1  0.57 0.13 0.14 0 . 8 5  ___-__----______________________________----------------------------_- __---_----______________________________-----------------_----------_- 
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PRODUCTION AND CHARACTERIZATION OF PYROLYSIS 
LIQUIDS FROM MUNICIPAL SOLID WASTE 

James E. Helt and Ravindra K. Agrawal 

Argonne National Laboratory 
9700 S. Cass Ave. 
Argonne, IL 60439 

, 
INTRODUCTION 

Municipal solid waste (MSW) is a highly variable "raw material," by both 
season and location. However, it is generally accepted to  have a composition 
within the ranges shown in Table 1 (1). Cellulosic materials, including paper, 
newsprint, packaging materials, wood wastes, and yard clippings, constitute over 
50% of MSW. 

A basic understanding of the pyrolytic reactions is important and relevant 
to both combustion and conversion of MSW. As MSW is heated the different 
components react differently at different temperatures. The volatile species 
can evaporate without major change, and the rest of the cellulosic components 
partially break down to volatile components leaving a carbonaceous char that 
contains the ash and noncombustibles. The volatile pyrolysis products consist 
of a gaseous fraction containing CO, Cog, some hydrocarbons, and H2, which are 
noncondensables. There is a condensable fraction containing H 0, volatile 
hydrocarbons and low molecular weight degradation products sucf as aldehydes, 
acids, ketones, and alcohols. Finally, there is a tar fraction containing 
higher molecular weight sugar residues, furan derivatives, and phenolic 
compounds. The proportion and composition of these products are highly 
dependent on the cellulosic composition of the MSW, the pyrolysis temperature 
and the presence of inorganic compounds that could influence (catalyze) the 
pyrolysis reactions. 

Pyrclysis nf cellulose at temperatures below 300°C results mainly in char 
formation. Any lignin present in the MSW (Kraft paper, cardboard, and wood 
waste contain significant proportions) has a higher tendency for charring, 
whereas the cellulose and hemicelluloses readily decompose to volatile products 
at temperatures above 30OoC. Most of the plastics present thermally degrade at 
a significantly higher temperature (40O-45O0C) ( 2 ) .  

BASIC MECHANISMS RESEARCH 

The ANL/DOE program on pyrolysis of municipal solid waste (MSW) has two 
overall objectives: (1) to understand the basic thermokinetic mechanisms 
sssociaterl with the pyrolytic conversion of HSW and ( 2 )  to seek new processing 
schemes or methods of producing a liquid or gaseous fuel from MSW feedstock. 
meet these objectives, we are performing laboratory experiments with the aim of 
determining the effects of different operating parameters on the pyrolysis- 
product compositions and deriving an analytical model of the pyrolytic process 
that describes the chemical kinetics. 

TO 

. 

This DOE-sponsored research has both ANL activities and subcontracted work. 
Argonne is performing closely controlled laboratory-scale parametric tests. The 
work is being performed on two experimental facilities: 
thermal degradation versus temperature, and ( 2 )  a bench-scale reactor to produce 
significant quantities of products to permit characterization. 
determine how different operating parameters influence the product compositions. 

(1) a TGA to study the 

The goal is to 
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Subcontracted activities are being performed at the Solar Energy Research 
Institute (SERI) and the Chemical Engineering Department at the University of 
Arizona. SERI has used their direct high-pressure molecular beam mass 
spectrometric sampling system to collect qualitative "fingerprints" and 
experimental data on the pyrolysis products generated from components of MSW and 
various refuse derived fuel (RDF) samples (3). They are also using the same 
experimental apparatus to distinguish between the primary and secondary 
reactions leading to the formation of the pyrolysis products ( 4 ) .  This data 
will be part of an overall data base to describe the influence of sample 
properties and reaction conditions on the solid phase and gas phase processes of 
low-temperature (<5OO0C) MSW pyrolysis to oils. Additionally, SERI has recently 
started a new task on the development of a rapid method of characterizing the 
liquid products from pyrolysis based on mass spectrometric data. This new task 
is composed of three parts: 1) compound class analysis by advanced pattern 
recognition techniques, 2 )  liquid product analysis via compound class analysis, 
and 3 )  correlation of chemical composition to fuel properties. 

The University of Arizona has completed a small research effort on the 
fundamentals of direct liquefaction of MSW ( 5 ) .  
autoclave and a real-time digital microprocessor control system so that it could 
be operated in a semi-continuous mode. Various components of MSW were studied 
in order to obtain meaningful data, not confused by the different thermokinetics 
of more than one distinct MSW component. Feedstocks included wood flour, 
cardboard, newsprint and rice (starch), as well as the important model compounds 
alpha cellulose and lignin. It was found that these MSW components could be 
converted to li uid oils and a high-heating value residual solid at temperatures 
of 325OC to 400 C and pressures of 1000 psi to 3000 psi. 

They modified an existing 

a 
A task which is related to the basic mechanisms work is also being 

performed by ANL (2). This task explores the possibility of using catalytic 
hydrotreating to upgrade the liquid products produced during conventional 
pyrolysis of MSW. The liquid products obtained from MSW pyrolysis processes are 
generally unsuitable for use as liquid fuels. Heating values are low and the 
liquids are very corrosive, viscous and unstable during storage. A major reason 
for these problems is the extremely high oxygen content of the pyrolysis 
products. The kinetics of catalytic reactions that remove oxygen-containing 
compounds from the pyrolysis liquids is being experimentally determined in a 
high-pressure, fixed-bed microreactor of the trickle-bed type. The reactions of 
interest involve the reduction of the oxygen-containing hydrocarbon with high 
pressure hydrogen using a solid catalyst. The catalysts which have been used 
are primarily commercially available hydrodesulfurization (HDS) catalysts 
containing molybdenum oxide with either cobalt or nickel oxide, supported on 
high surface area alumina matrix. 

ANL BENCH-SCALE STUDIES 

The emphasis of this paper will be on the bench-scale studies being 
performed at ANL and on the associated activities in characterizing the liquids 
produced in the pyrolysis reactions. 

The reactor is a fixed bed contained inside a quartz tube (70-mm ID) and 
placed between two glass frits. 
furnace. The reactor tube can be purged from top to bottom with the desired 
gas(es). 
high as -30°C/min. 
indication of existing temperatures and temperature gradients. There is a 
rotameter on the inlet gas line and a dry gas meter on the outlet. Cold traps 
are in the gas outlet downstream of the condenser unit. These traps are filled 
with ice or dry ice. Downstream of the traps, the gases that do not condense 
are collected in plastic sampling bags for analysis by gas chromatography (GC). 

The outside of the tube is enclosed in a 

The reactor is operated in the nonisothermal mode with heatup rates as 
Temperatures are recorded on a multipoint recorder to allow 
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Experimental results on the thermal decomposition of typical MSW components 
(Whatman #1, newsprint, kraft paper, cardboard,aspen, and pine) over a 
temperature range of 275-475OC have been gathered. 
experimental runs may be found elsewhere (6). Also, information on the TGA runs 
used in support of this bench-scale work is available elsewhere (7,E). 

The details of these 

CHARACTERIZATION OF LIQUIDS 

Various liquid samples produced in the bench-scale apparatus have been 
analyzed with GC and GC/MS. 
each other by both measurement of peak retention times and by observation of the 
patterns present. As a result, six different groups were identified: 

The chromatograms were qualitatively compared 'to 

Group A - Most components elute early in the chromatogram as many 
sharp peaks within a small retention window. 

Group B - Bulk of components elute across a 6- to 20-min retention 
window and are a mix of both sharp and broad peaks. 

Group C - Many peaks are observed; the bulk of components elute across 
a 4- to 30-min retention window. 

Group D - Similar to C, but most components elute across a 4- to 20-min 
retention window. 

Group E - A few early peaks are observed, especially in the 5- to 7-min 
retention window. 

Group F - Similar to D, but many peaks are observed in the 9- to 11-min 
retention window. 

The mass spectrum obtained from a typical tar sample is shown in Fig. 1. 
This tar sample was produced from a newsprint feedstock pyrolyzed in an inert 
atmosphere of helium. 
component NIH/EPA library in addition to a library of compounds from Battelle 
Pacific Northwest Laboratory (9). The results of the computer search and from 
interpretation of various standard spectra yielded tentative identification of 
numerous compounds. It is apparent that many compounds of homologous series are 
present. Recognition of just one of the compounds in a series leads to 
identification of all since they will most likely differ only by 14 amu (a CH2 
group) 3r by 31 amu (a CH30 group). In some cases the same identification is 
made for more than one compound. Actually, different isomers of the compound 
are probably being found. The percent found was estimated by dividing the 
response of the most abundant ion for a compound by the total of the responses 
of the most abundant ions for all compounds. 

A computer search was performed using the 31,000 

In general, the classes of compounds included furfurals (9.4%), phenols 
(2.5%), methoxyphenols (16.9%), cyclic compounds such as methyl cyclopentanones 
(10.8%), methoxy benzenes (3.8%), and the substituted propane tentatively 
identified for the peak at scan number 1207 (36.8%). 
eluting at scan 1207 is by far in the highest concentration, insufficient 
information is available from its spectrum to allow a reasonable identification. 
The b x e  peak observed is 75amu, and a 115 amu ion is also present at 40% 
abundance. 

Although the compound 

With the computerized mass spectral matching capability, a substituted 
propane with a molecular weight of 192 g/mol (propane, 1,3-dimethoxy-2,2- 
bis(methoxymethy1)) was selected as the most probable compound. 
submitted for gas chromatograph/matrix isolation/Fourier transform infrared 
(GC/MI/FTIR) analysis to add to the information necessary for better 
identification. 

The sample was 
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A GClMI/FTIR run provided useful information on the bulk of the material 
present in the sample at scan number 1207. Data from the GC/HI/FTIR analysis 
indicated that the computerized mass spectral identification of the component 
eluting at scan number 1207 is not far off. The compound does not contain 
phenyl groups, and computerized IR searches came up with compounds with an 
ethanollethane or propanol/propane backbone substituted with methoxy or ethoxy 
groups. In particular, three close matches are dimethyl acetaldehyde, (CH30)2- 
CH-CHO; 1-methoxy-2-propanol, CH30-CH2-CH(OH)-CH3; and 1,3-diethoxy-2-propanol, 
CH3CH20-CH2-CH(OH)-CH2-OCH2CH3. 
consistent with the tentative identification given for the compound. 

The presence of methoxy or ethoxy groups is 

Another compound present in a relatively large concentration but which 
cannot be identified is that eluting at scan number 1343. This compound has an 
apparent molecular weight of 110 amu, with ions at 71, 89, and 110 amu. It 
appears to be neither a methyl furfuryl, benzenediol, nor dimethyl 
cyclopentanone. 
which can come from a tetrahydrofurfuryl structure or from a butyl ester. 
compound's real molecular weight may be above 110 amu. 

The 71-amu ion probably results from a CH3-CH2-CH2-C=0 group, 
The 

YIELDS AND ANALYTICAL RESULTS 

With the Whatman No. 1 filter paper, the yields at 475OC of water vapor and 
gases were in the ranges 5-13 wt X and 26-34 wt X ,  respectively, of the original 
cellulose. The hydrogen balance suggests the higher water content (13%), 
whereas both the carbon and oxygen contents suggest a lower water yield ( 5  wt 
X )  . 
A Hewlett-Packard Gas Chromatograph is being used to identify major gas 
components. The preliminary GC analyses show that, for the Whatman No. 1 paper 
at 475OC, the gases produced are 56.6 volX CO 
were detected in significant quantities. 
range of 18-23 wt X of the original cellulose and the yield of CO is 8-11 wt X .  
Roughly 25% of the energ? in the feedstock is released in the gaseous products. 
These pyrolysis gases can be considered a low-Btu fuel. 

Efforts have been made to analyze the gases collected in the sample bags. 

and 43.4 volX CO. No other gases 
is, therefore, in the The'yield of CO 

The Whatman No. 1 paper (as received) contained 4.1 vol X moisture and 

Table 3 summarizes some analytical results of 
0.074 wt X ash. All results reported here are on a moisture- ash-free basis 
unless other wise specified. 
cellulose and condensed-phase cellulose pyrolysis products. A comparison of the 
results in Table 2 for cellulose and cellulose tars indicates that the elemental 
composition of these two materials is very similar. 
cellulose tars reported here may be low due to the loss of lower-molecular- 
weight products during the drying step.) 
heating value than that of cellulose. These results strongly suggest that the 
nature of cellulose tars is similar to that of its parent cellulose. 

(The heating value of 

Tars seem to have a slightly higher 

As can be seen from Table 2 ,  the cellulose chars are very different from 
the parent cellulose. When compared with the original cellulose, the cellulose 
chars have a carbon content that is roughly double, and H2 and O2 contents that 
are about one-half and one-third respectively. The richness in carbon content 
of the chars is indicated by their high heating value (7566 cal/g). 
Unfortunately, the low Hp content of the chars make them an unlikely candidate 
for use as transportation fuels. Because of the high carbon content and low H2 
and O2 content, the cellulosic chars are comparable to a low-volatile bituminous 
coal or a low-grade anthracite coal. However, since the chars contain no sulfur 
or nitrogen compounds that could form potential air pollutants upon combustion, 
they do have potential as a solid fuel. Tables 3 and 4 give the analytical 
results for newsprint and Kraft paper feedstock. 
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The atomic ratios (H/C and O/C) and the heating value of cellulosic chars 
indicate that they are very similar to coal. 
(1.73) is comparable to that of No. 2 fuel oil (1.84). Unfortunately, the high 
oxygen content indicated by the O/C ratio (0.91 compared to 0.01 for fuel oil) 
significantly reduces the heating value of the tars. 

The H/C ratio of cellulose tars 

DISCUSSION 

It should be noted that the tar analysis results of this study are very 
similar to those obtained from vacuum pyrolysis of small cellulose samples 
conducted by Agrawal et a1 (10). Also the tar yields are comparable to those 
obtained by ShafizadeF(n) using small samples of Whatman No. 1 paper under 
vacuum conditions. These findings support the assumption that negligible tar 
decomposition takes place in the reaction bed. 

Efforts are also in progress to ascertain some of the possible heat and 
mass transfer limitations of the pyrolysis process. Fig. 2 depicts the residue 
and tar yields of 5-g and 15-g cellulose samples at a heating rate of 5°C/min. 
Increased sample weight shifts the weight-loss curve to a higher temperature by 
about 10°C. 
yields. 
progress. 

Figures 3 and 4 summarize the data for the influence of heating rate on 
product yields from Whatman No. 1 paper. It is seen from Figs. 3 and 4 that 
increasing the heating rate or sample weight has a similar effect in shifting 
the weight-loss curve to a higher peak temperature. However, the shift in the 
weight-loss curve along the peak-temperature axis in the case of increased 
sample weight is due to mass transfer limitations, whereas, in the case of 
increased heating rate, this shift is due to combined effects of kinetics and 
heat transfer resulting in delayed decomposition. 
about 370°C, the product yields are essentially independent of the heating rates 
(Fig. 4). 

Fig. 2 also shows that increased sample weight decreases the tar 
Efforts to explain this effect of sample weight on product yield are in 

At a peak temperature of 

The results in Table 6 illustrate the influence of sample weight and 
heating rate 3n product yields. 
reduces the tar yields and increases the char yields. The drastic decrease in 
tar yields is primarily due to increased vapor residence time in the reaction 
bed. 
fluidized bed or an entrained flow reactor, then secondary decomposition can be 
significantly reduced, and the effects of sample weight will not be as drastic. 
Thus, data collected in the loosely packed fixed-bed reactor of the present 
study may represent an extreme for an operating industrial reactor. 

The data show that increasing sample size 

If the vapor residence time is reduced in the reaction bed by using a 

Increasing the heating rate appears to decrease the char yields but has 
little influence on tar yields. This implies that gas yields increase at the 
expense of char yields. 

Table 7 summarizes elemental analyses of chars formed under various 
pyrolysis conditions. The elemental analyses of cellulosic chars suggest that 
the composition of chars is not strongly influenced by either the heating rate 
or sample weight. 
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Results to date strongly imply that, depending on the residence time, the 
tar yields for final pyrolysis temperatures above 3OO0C will be independent of 
heating rates. 
analysis (7,8) that the apparent activation energy for cellulose decomposition 
is similar to that for tar formation. 

This observation is strengthened by the finding from TGA data 

Olefins and other hydrocarbon gases were not detected in the pyrolysis 
gases. This is not surprising since these fuels are not products of primary 
cellulose pyrolysis (12,13). 
gases from flash pyrolysis studies are most likely a result of secondary tar 
decomposition. Cellulose tars start to decompose at about 55)OC, and most of 
these studies were carried out over the temperature range of about 600-800°C. 
These observations suggest that results from flash pyrolysis studies are 
dominated by secondary tar decomposition reactions. 

The significant yields of olefins and hydrocarbon 
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Table 1. Mmporition Ranger for Several 
MSW S..Pl..~ 

companent 

PlSS t ico 
Rubber-leather 
Wood 
Text i les 
Food Wastes 
Yard Waste& 
Other 

Compori1ion Range, 
Y f  f 

30-50 
8-10 
7-10 
1-5 
1-3 
1-4 
1-5 

10-20 
5-20 

1-4 

Table 2 .  AnalYtical Results of Feedstock Tam m d  Chars 
from Uhatmm No. 1 Paper (heating rat;, 5eC/min; 
final temp., 4750C) 

Table 3. Analytical Results of Ftedstmk,  Tars,' and Chars 
from Nrrsprint (healing rate .  5.Cfmin: 
final temo.. 475'CI . .  . 

Feedslock Tar Product Char Product 

Heating v.iue.a 4722 5513 7866 

Ash Cantent, rt f .95 _. 4.1 

neirture content, VI x 8 .3  ._ _ _  
Elemental Analysis.* VI f 

Carbon 
Hydrogen 
-senC 

48.0 47.5(45.5)b 78.0(24.4) 
5.4 5.6(47.7) 3.7(10.3) 

46.6 46.9(46.3) 18.3C5.9) 

Feedrtock Tar Product char product 

Heating va1ue.a 4170 4330 7566 

Aih Content. v i  2 0.074 -0.075 0.63 

_ _  mistvre  cantmt. w z 4.1 .. 

Elemental Analv~ia.~ w t  I .. 
Carbon 44.7 4 2 .  3(43.6)b 81.0( 27.3) 
Hydrogen 5.9 6.1(47.5) 3.6(10.0) 
oxygen= 49.4 51.6(48.0) 15.4(4.7) 

Yield, vt 2 -46 -15 
'Dry barir. 
%umbers in parentheses give percent of original material (based 

EDctermined by adding together the carbon and hydrogen ~onfcnts m d  
on the reporfed yields). 

subrracting them from IWI. 

Yield, rt f -_ -46 - I5  
'Dry barir. 
humhers in psrentheses give Percenr of ariginal marerial (bared 

CDetcrmincd by adding together the carbon and hydrogen contents and 
on the reported yields). 

subtracting them fro. IOOI. 

Tahle 4. Analytical Results of Feedstock, Tnrs, m d  chars 
from Kraft Paper (hesting rate, 5*ciain; 
final temp.. 47SSC) 

Feedstock Tar Product Char Producr 

Heating value.' Calig 4445 5272 7333 

4.3 Ash Content, VI 2 1.3 _ _  
IIoiSture Content. Y f  I 6.1 .. 

Elemental Anslysi~,~ It f 

_ _  
Carbon 
Hydrogen 
oxygen= 

4 7 .  5 46.9( 24.7) 75,5( 38.2) 
5.5 5.X24.1) 3.9(17.0) 
47.0 47.8(25 .4)  20.6(10.5) 

Yield, v t  2 -25 -24 
'Dry hapir. 
hNumhers In parentheses give percenl of original material (bared 

Cktermined by adding together the carbon and hydrogen contents and 
on the reported yields). 

sublracfing then from 1002. 

Table 5 .  E I t c C f  Of Sanple Weight and Meating Rate on 
Ultlmalc Product neldr from Yhatman NO. 1 
Paper 

Yields.' f 
Pyrolysis Heating 
Sample Rate, 

Smple No. Weight. g .cidn Tar' Char 

F P W 8  5 5 46.14 14.55 
FPL15 10 5 42.13 15.26 
FPL13 15 5 38.54 15.66 
FPMO3 5 47.18 12.65 
FPHOS 5 2o 30 47.76 11.93 

aPrOdncI yield8 =re given for a peak lem~erature Of 475%. 
bBantd on weigh1 percent Whatman NO. 1 paper (dry ha9io). 



Table 6. Effect  of Sample Wci@c and Beating Fate an the 
Cornpsition of Chars from Whatman NO. 1 Paper 

Ultima<. 
PyrolysJr Seatinz Char lield' Char. 

Sample , Fare, a1 4 W C ,  
Sample NO. Weight. z *C/dn "I 2 c n ob 

5 5 14.55 82.80 3.75 13.45 
FPLI5 10 5 15.26 81.00 3.55 15.45 
QPLO8 

FPLl3 15 5 15.66 81.90 3.45 14.65 
FPR03 5 20 12.65 81.30 3.45 15.15 
FPAOS 5 30 11.93 80.30 3.55 16.15 

:Yield from original Whatman No. 1 (dry bails). 
Dcrlved by nddinp toLether c m d  B contents and rubrraetlnp from 1WZ. 

T 

i' 

Fig. 1 . ha.. Spectrm Obtained from Sample 06298402 

Fig. 3. Effect Of  Heath8 BAfL On Wilhf 
. LOIS for matman NO. 1 Paper 

Fig. 2. Effect of Sample Weight on Product 
Yield far Whatman No. 1 Paper 
(heating rate. 5'C/mln).  


